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Today  aviation  for  the  most  part  usee  gas-turbine  engines 
as  replacements  for  the  reciprocating  engines  which  have  exhaust- 
ed  their  developmental  potential.  There  is  no  practical  way  to 
attain  any  significant  Increase  in  airspeed,  let  alone  at  super¬ 
sonic  speed,  with  reciprocating  engines  driving  sir  screws,  that 
is,  with  a  reciprocating  propeller-engine  installation  (VMU). 

The  reasons  are  as  follows.  The  shaft  power  developed  by 
the  reciprocating  engine,  that  is,  the  engine's  effective  power, 

N  ,  in  hp,  is  expended  in  rotating  the  air  screw,  the  propeller 
of  the  propeller-engine  system.  When  the  propeller  rotates  and 
drives  the  surrounding  mass  of  air  back  at  a  speed  greater  than 
the  airspeed,  it  imparts  acceleration  to  this  mass.  And  the  re¬ 
active  force  developed  is  directly  absorbed  by  the  propeller  bladea 
and  is  then  transmitted  through  the  shaft,  bearings,  and  engine 
block  to  the  aircraft  as  propeller  tractive  force,  Pp. 

Thus,  a  propeller  on  an  aircraft  moving  at  speed  V,  in  m/sec, 
pulls  the  aircraft  with  force  Pp,  in  kg,  and  consequently  Imparts 
to  the  aircraft  a  net  power  equal  to  PpV ,  kg  m/sec,  and  lends  it 
forward  motion  in  the  air.  However,  the  power  expended  in  turn¬ 
ing  the  propeller  is  always  greater  than  the  net  power  because  of 
unavoidable  losses  usually  taken  into  consideration  in  propeller 
efficiency!  q  <1.  Therefore,  we  can  write! 

!  PpV  •  75Nb  •  qp, 

from  whence i 

Pp  -  75  No/V  •  t,P. 

Since  the  effective  power  of  a  reciprocating  engine  io 
practically  independent  of  airspeed,  and  since  the  efficiency  of 
a  propeller  is  reduced  significantly  at  Mach  numbers  close  to 
one,  it  will  be  seen  from  the  relationship  obtained  above  that 
under  these  conditions  propeller  thrust  must  decrease  rapidly 
with  increasing  airspeed  While  the  thrust  developed  by  the 
propeller-engine  system  is  decreasing,  the  thrust  required  for 
the  aircraft  to  fly  will  increase  significantly  with  Increasing 
airspeed. 

Therefore,  a  sharp  increase  in  the  power  of  a  reciprocating 
*  engine  is  required  at  high  speed  to  provide  the  necessary  thrust. 

But  this  leads  to  an  unacceptable  increase  in  the  weight  and 
size  of  the  aircraft  power  plant.  As  a  result,  the  weight  of  a 
reciprocating  power  plant  proves  to  be  about  the  same  as  the 
weight  of  the  aircraft,  so  it  becomes  Impossible  to  use  this  type 
of  power  plant  and,  consequently,  achieve  high  airspeeds  with  it. 
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Thi,  obstac le  can  be  completely  overcor-  by  making  the  transi¬ 
tion  to  Jet  engine,  capable  of  developing  throat  required  for 
very  high  airapeed,  at  completely  accept  „  weight,  and  aizea, 
many  time,  leaa  than  those  of  comparable  reciprocating  engine, 
with  a  propeller. 

The  use  of  jet  engine,  made  po.aible  a  significant  increase 
in  aircraft  .peed  and  altitude  within  a  short  period  of  time.  In 
,8'  a  turbojet  aircraft  flew  at  1079  km/h  whereas  the  previous 
(1939)  maximum  speed  of  a  special-purpose  aircraft  with  a  reci¬ 
procating  engine  designed  to  establish  a  record  was  only  755  km/h. 

The  officially  recorded  world  records  for  Jet  aircraft  were 
1822  km/h  in  1956.  and  2259.8  km/h  in  1958.  A  new  world  record 
of  2388  km/h  was  established  in  1959,  by  the  Soviet  Ye-66.  The 
maximum  speed  recorded  while  this  record  was  being  established  was 
even  higher.  2504  km/h.  In  that  same  year.  ,959.  the  Soviet  T-4J1 
set  a  world  altitude  record  (28.852  m  above  sea  level).  Today  Jet 
aircraft  fly  at  even  greater  speeds  and  altitudes. 

The  principal,  characteristic  feature  common  to  Jet  engines, 
regardless  of  design  or  working  principle,  is  that  the  thruet 
they  develop  is  the  reactive  force  of  a  flow  of  fuel  combustion 
products  accelerated  in  the  engine  proper  and  discharged  from 
it  into  the  surrounding  medium  at  a  speed  greater  than  the  air¬ 
speed.  This  reactive  force  is  opposite  in  direction  to  that  of 
the  gas  exhaust  flow,  is  directly  absorbed  by  the  structural 
elements  of  the  engine,  transferred  to  the  aircraft  through  the 
engine  mount,  and  used  as  the  thrust  required  to  achieve  flight. 

The  acceleration  of  the  gas  flow  in  a  Jet  engine  is  depen¬ 
dent  on  the  heat  imparted  to  it  during  ruel  combustion  and  the 
subsequent  conversion  (during  the  expansion  process)  of  the  poten¬ 
tial  energy  of  the  combustion  products  into  kinetic  energy.  Con¬ 
sequently,  m  a  Jet  engine  the  chemical  energy  of  the  fuel,  trans¬ 
formed  into  the  kinetic  energy  of  the  combustion  products,  can 
be  used  to  obtain  thrust  directly,  without  an  Intermediate  pro¬ 
pulsive  unit  reacting  with  the  surrounding  medium  such  a,  a  pro- 
peller,  for  example. 

Thus,  the  Jet  engine  combines  the  engine  pt  ,per,  the  thermal 
engine  in  which  the  chemical  energy  of  the  fuel  is  converted  into 
mechanical  energy  (in  this  case  into  the  kinetic  energy  of  the 
Kas  Jet),  and  the  propulsive  unit  which  creates  thrust  as  a  result 
of  the  reaction  of  the  gas  Jet  escaping  from  the  engine.  Jet 
engine,  are  th.r.fore  called  direct  reaction  engines,  as  distin¬ 
guished  from  engines  with  propeller  thrust,  which  are  called  in- 
direct  reaction  engines. 

All  jet  engines  can  be  divided  into  the  following  two  classes: 
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air-breathing  engines  (VRD); 

rocket  engines. 

Air-breathing  engines,  In  turn,  are  divided  into  two  types! 

solid  Injection,  or  ramjet)  (PVRD)| 

gas  turbine  engines  (GTD) . 

Gas  turbine  engines,  as  was  indicated  above,  are  most  widely 
used  in  modern  aviation  and  have  a  compressor  driven  by  a  gas 
turbine  to  compress  the  air  fed  into  the  combustion  chamber.  These 
engines  have  been  highly  perfected  within  a  relatively  short  period 
of  time. 

Gas  turbine  engines  are  subdivided  into  turbojet  engines  (TRD), 
turboprop  engines  (TVD),  and  turbofan,  or  dual-flow  engines  (DTRD). 

Whereas  in  the  TRD  the  gas  turbine  only  turns  the  compressor, 
in  the  TVD  it  turns  the  compressor  and  the  propeller,  and  in  the 
DTRD  it  turns  the  compressor  and  the  fan,  which  is  enclosed  in  an 
annular  duct. 

In  the  TRD,  the  only  thrust  is  that  of  the  direct  reactive 
force  of  the  gas  Jet  discharged  from  the  engine  into  the  atmosphere. 
In  the  TVD  and  DTRD,  thrust  is  a  combination  of  the  reactive  force 
of  the  gas  Jet  discharged  from  the  engine,  and  the  thrust  created 
by  the  propeller,  or  by  a  special  fan. 

Turbojet  engines  are  the  principal  engines  used  in  the  dif¬ 
ferent  types  of  military  aircraft  flying  at  both  supersonic  and 
very  much  lower  than  subsonic  speeds.  These  engines  are  beginning 
to  find  ever  increasing  use  in  fast  civilian  aircraft  (passenger 
and  cargo)  flying  at  approximately  800  km/h, and  faster. 

Turboprop  engines  are  widely  used  in  relatively  slow  (sub¬ 
sonic)  (600  to  700  km/h)  passenger  and  cargo  aircraft.  At  these 
speeds  they  are  more  economical  than  other  types  of  gas  turbine 
engines . 

Dual-flow  .let  engines  are  more  economical  at  subsonic  speeds 
than  TRD's,  and  therefore  are  used  in  many  cargo  aircraft,  despite 
their  more  complicated  design.  Even  at  supersonic  speeds  the  DTRD 
can,  under  certain  conditions,  be  more  advantageous  to  use  than  the 
TRD  (weight wise, for  example). 

Different  turbine  engine  designs  are  also  used  for  helicopter 
rotor  drives  in  many  cases. 

Rocket  engines  can  be  subdivided  into  the  following  two 
groups i 

liquid-fuel  rocket  engines  (ZhRD) ,  in  which  an  oxidizer,  such 
as  liquid  oxygen,  nitric  acid,  hydrogen  peroxide,  and  others,  is 
used  to  burn  the  liquid  fuel) 

solid  fuel  rocket  engines  (RDTT)  using  special  powders,  and 
other  solid  fuels,  that  include  the  oxygen  required  for  combustion. 
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Liquid-fuel  rocket  engines  (ZhRD)  are  installed  in  various 
types  of  ballistic  missiles.  ZhRD's  are  also  used  to  launch  and 
accelerate  different  types  of  unmanned  aircraft.  ZhRD  thrust  is 
independent  of  airspeed  and,  what  is  particularly  important,  will 
not  decrease  but  will  even  increase  markedly  with  an  increase  in 
altitude.  The  special  feature  of  the  ZhRD  is  that  there  is  no  need 
for  atmospheric  air  for  fuel  combustion.  Therefore,  missiles 
equipped  with  ZhRD  can  develop  airspeeds  and  i  each  altitudes 
completely  unattainable  by  aircraft  with  other  types  of  engines. 
Clear  proof  of  this  are  the  speeds  and  altitudes  reached  by  Soviet 
satellites  and  space  ships  using  ZhRD  rocket  carriers. 

Liquid-fuel  rocket  engines  can  also  be  used  in  high-speed  air¬ 
craft  with  a  requirement  for  high  speed,  high  rate  of  climb  and 
high  ceiling  for  a  relatively  short  flight  fixed  by  the  amount  of 
oxidizer  and  fuel  the  aircraft  can  carry  in  its  tanks.  These 
engines  can  also  be  used  in  conjunction  with  a  TRD  as  auxiliary 
systems  used  to  reduce  the  time  to  altitude,  to  increase  speed  for 
short  periods  of  time,  and  increase  the  ceiling  for  the  aircraft, 
or  as  booster  systems  to  facilitate  take-off,  that  is,  to  shorten 
the  take-off  run. 

Solid-fuel  rocket  engines  are  distinguished  by  e.  short  period 
of  continuous  operation  fixed  by  a  short  combustion  period  for 
the  fuel  in  the  engine  is  combustion  chamber.  This  is  why  the 
RDTT  is  only  used  in  aviation  in  boosters  (booster  rockets)  that 
facilitate  the  take-off  for  some  aircraft.  In  addition,  the  RDTT 
is  widely  used,  independently,  and  as  an  auxiliary  (boost  and 
acceleration),  in  various  types  of  ballistic  and  winged  missiles, 
missiles  ,  etc. 

Principles  of  the  theory  of  gas  turbine  engines  will  be  re¬ 
viewed  in  this  book.  Attention  in  the  main  is  devoted  to  the 
physical  significance  of  the  phenomena  and  behavior  patterns  re¬ 
viewed,  and  especially  to  those  questions  of  theory  directly 
associated  with  engine  operation  in  the  aircraft,  and  with  bench 
testing. 

In  concluding  his  introduction,  the  author  expresses  his  great 
appreciation  to  Professor  Yu.  N.  Nechayev,  Doctor  of  Technical 
Sciences,  for  his  valuable  advice  and  comments  given  upon  review¬ 
ing  the  manuscript  of  this  book. 
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CHAPTER  1 


NECESSARY  DATA  FROM  THE  THERMODYNAMICS  OF  FLOW  AND 
GAS  DYNAMICS 

1 .  Gas  Flow  and  the  Equation  of  Continuity 

The  equations  under  consideration  in  this  chapter  are  derived 
as  applicable  to  an  elementary  g as  filament;  in  other  words,  to 
that  stream  filament,  the  lateral  dimensions  of  which  are  so  small 
that  all  gas  parameters,  velocity,  pressure,  temperature,  and 
density,  can  be  taken  as  constants  within  each  of  its  cross-sections. 

These  equations  aro  also  used  in  this  form  in  the  theory  of 
aviation  gas  turbine  engines,  regardless  of  type. 

When  these  gas  parameters  are  not  Identical  within  the  limits 
of  a  flow  cross-section  the  actual  parameters  in  each  specific  flow 
cross-section  are  replaced  by  their  averaged  values.  This  makes 
it  possible  to  use  all  the  equations  obtained  for  the  elementary 
stream  filament  in  these  cases  as  well  by  using  corresponding  cor¬ 
rection  factors. 

In  what  follows  we  will  consider  «nly  the  steady  (stationary) 
fluid  flow,  a  characteristic  feature  of  w.iich  is  that  at  each  point 
in  the  flow  the  gas  velocity,  and  the  parameters  for  the  state  of 
the  gas  (pressure,  temperature,  volume)  have  completely  defined 
values  that  do  not  change  over  time.  In  a  fluid  flow  such  as  this 
the  particle  trajectories  are  called  lines  of  flow,  and  the  lateral 
surface  of  the  elementary  stream  filament  is  called  the  surface  of 
flow.  In  the  case  of  steady  motion,  ths  velocities  at  which  the 
particles  move  are  in  a  direction  tangent  to  the  surface  of  flow, 
so  there  is  no  gas  leakage,  and  the  surface  of  flow  is,  as  it  is 
usually  spoken  of,  gas  impermeable. 

Let  us  consider  a  section  of  a  gas  stream  filament  between 
its  cross-sections,  1  and  2,  normal  to  the  surface  of  flow  (fig.l), 
and  assuming  that  the  gas  moves  from  cross-section  1  to  cross- 
section  2. 


Fig.  It  Derivation  of  the  equatior  of 
continuity. 

After  some  (very  short)  time  interval  At  #  the  separated 
section  of  the  stream  filament  is  displaced  from  position  1  2 

to  a  new  position  1*  2*.  The  gas  displaced  from  area  1  I5  flows 

into  shaded  volume  1*  2,  and  at  the  same  time  some  gas  flows  from 
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this  volume  ( 1  *  2)  and  fills  arsa  2  2'. 

Obviously , the  weight  of  gas  AG1  entering volume  1  2  in  time 
At  will  equal 

AO,  —  7,^1  A/„ 

where 

V  1  is  the  specific  weight  of  the  gas  in  cross-section  1| 
r 1  is  the  area  of  cross-section  1) 

Alj  is  the  distance  between  cross-sections  1  and  1*. 

Distance  A  1  ^  can  be  represented  as  the  product  of  velocity 
c1  in  cross-section  1  and  time  At |  AT ^  •  c^A  Tt  so, 

AO,  = 


But  AG 1 /At  is  the  weight  flow  of  the  gas  per  unit  time, 

Gj  kg/sec,  through  cross-section  1,  so 

0, « 

and,  in  general,  for  any  cross-section  of  the  flow 

G=icF.  (1.0 

This  relationship  is  called  the  flow  equation. 

£-T*.  <’-2> 

is  obtained  from  the  flow  equation. 


The  product  yc  is  called  the  flow  density.  It  is  easily 
seen  that  the  flow  density  is  the  weight  flow  pet  unit  cross- 
sectional  area. 

The  amount  of  gas  by  weight,  AG2,  displaced  from  volume  1*  2 
in  the  same  time,  At,  and  the  weight  flow  of  the  gas,  G^,  per 
unit  time  through  cross-section  2,  by  analogy  with  the  foregoing, 
will  equal,  respectively, 

ACl.  «=  t/VM,  =  y/’jC.A: 


and 


where  is  the  specific  weight  of  the  gas  in  cross-section  2| 

P2  is  the  area  of  cross-section  2) 
c 2  is  the  velocity  of  the  gas  in  cross-section  2. 

In  the  case  of  steady  motion,  and  no  discontinuities  in  the 
flow,  the  same  amount  of  gas  (liquid)  by  weight  passes  through  each 
of  its  cross-sectionsi  that  is,  the  inflow  of  gas  equals  its  con¬ 
sumption  and  C/,  =  0 


or,  on  the  basis  of  ( 1  •  1 ) , 

Ti^i 

This  is  also  the  equation  of  continuity,  or  the  equation 
constancy,  for  the  weight  flow  of  a  compressible  gas. 
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(1.3) 


For  an  incompressible  liquid  tha  apaclflc  weight  is  a  constant 
V1  "  v2  »  10  Aquation  (K3)  assumes  a  simpler  fora, 

-  cj>.  ~  ,r  •  (1-t) 

Vhat  follows  froa  tha  foregoing  is  that  for  an  lncomprsssibla 
liquid  lk a  velocity  in  any  two  cross-sections  of  tha  flow  is  in¬ 
versely  proportional  to  tha  areas  of  these  cross-sections. 

*•  Th.  En.rgy  tqu.tton. 

Let  us  coaplle  the  energy  balance  for  a  moving  gas  relative 
to  a  fixed  syatea  of  coordinates. 

Let  aoee  mass  of  gas,  initially  filling  volume  1  2  (fig.  l), 
be  displaced  into  a  position  bounded  hy  cross-sections  I1  and  2 • 
in  an  infinltel)  short  period  of  tiaet  At  .  The  velocity  of  the 
gae,  and  it*  pressure  in  cross-section  1  are  equal  to  c^  and  p^, 
respectively,  and  lo  c 2  and  p2  in  cross-section  2. 

A  change  in  any  type  of  energy  equals  the  difference  between 
the  amounts  of  the  given  type  of  energy  in  positions  1*  2*  and  1  2. 
Readily  noted  is  that  volume  1*  2  is  common  to  both  positions  and 
that  the  energy  of  the  mass  of  gas  filling  this  volume  does  not 
change  over  time  A  r  because  gas  motion  is  steaay.  Therefore,  the 
change  in  energy  when  the  mass  of  gas  is  displaced  from  position 
1  2  to  position  1'  2'  will  be  determined  only  by  the  difference 

between  the  amounts  of  energy  in  the  infinitely  mall  volumes  2  2* 
and  I  1*  for  a  gas  weight  flow,  AG,  in  time  At.  Accordingly  the 
change  in  kinetic  energy  will  equal  *«;(*' -r*) 

and  the  change  in  the  internal  (thermal)  energy  will  equal 

LU^c9{Tj-  T,)10. 

where  T^  and  Tj  are  the  gas  temperatures  in  cross-sections 
2  and  1,  respectively! 

cv  is  the  specific  heat  capacity  of  the  gas  at 
constant  volume. 

During  the  gas  displacement  under  consideration,  the  external 
pressure  forces  applied  to  the  stream  filament  in  sections  1  and 
2,  and  equal  to  PjFj  and  p2  ,  perform  work  which  1s  expended 
in  displacing  the  given  volume  of  gas.  The  external  pressure 
forces  acting  on  the  lateral  surface  of  the  stream  filament  (on 
tho  surface  of  flow)  do  no  work  because  they  are  normal  to  it. 

In  time  At  the  work  performed  by  pressure  force  Pj  F y ,  the 
direction  of  which  is  the  same  as  that  of  the  gas  motion,  will 
equa  1 

/»./  ,f  1*  -•  »•  *  aC, 

because  the  product  F^c.f.t  m  v^A  G  is  the  volume  of  element  1  1*, 
and  Vj  1s  the  specific  volume  of  the  gas  in  cross-section  1, 
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Similarly,  the  work  performed  by  pressure  force  the 

direction  of  which  ie  opposite  to  that  of  the  gas  motion,  will, 
in  the  sane  time  period  At,  correspondingly  equal 

ptF'C*  At  =  p.,v.AG. 

Consequently,  the  work  absorbed  by  the  gas  and  expended  in 
its  displacement  (or  ♦he  work  required  to  push  the  gas  through) 
as  a  result  of  the  drop  in  pressure  from  position  1  2  to  position 
1'  2*  must  be  equal  to  the  difference  between  the  work  done  by  the 
pressure  forces  under  consideration  in  sections  1  V  and  2  2* 

a/.,  ='ao  (  /j.v, — />,«,)• 

In  the  general  case  heat  of  amount  A  Q  can  be  added  to  (or 
removed  from)  the  gas  in  time  At  during  its  movement.  Moreover, 
during  this  same  period  mechanical  work, A  L,  can  be  introduced 
into  the  gas  from  the  outside  by  a  compressor  Impeller  installed 
between  cross-sections  1  and  2,  for  example,  or,  conversely,  the 
gas  can  do  (deliver)  external  mechanical  work  by  rotating  a  tur¬ 
bine  rotor  located  between  the  same  cross-sections.  Finally, 
that  amount  of  energy,  AL^,  expended  in  overcoming  the  friction 
which  develops  during  the  gas  flow  (friction  work)  must  be  taken 
into  consideration. 

The  law  of  conservation  of  energy  has  it  that  all  the  energy 
introduced  into  the  gas,  that  is,  the  sum  of  the  heat  added  to  the 
gas,  the  mechanical  work,  and  the  work  done  by  pressure  forces, 
must  equal  the  change  in  the  kinetic  and  Internal  energy  of  the 
gas,  plus  the  friction  work,  Consequently,  the  energy  balance 
for  a  moving  gas  applicable  to  the  stream  filament  flow  section 
between  cross-sections  1  and  2  must  be  written  in  the  following 
form i 

where  A  ■  1/427  is  the  heat  equivalent  of  the  mechanical  work. 

Dividing  all  the  terms  in  the  expression  obtained  by  AG,  and 
using  the  above  relationships,  we  obtain  the  energy  equation 
equated  to  1  kg  of  moving  gas 


Q+AL  +  A{pivl—pzvt)  = 

=A.3^L  +  eATt~r,)  +  Ar.„  (’.5) 


where  Q  ■ 

Q/q 

is  the  heat  introduced  per  1  kg  of 
section  1  2| 

gas 

in  flow 

L  ■ 

h/0 

is  the  external  mechanical  work  transmitted  by 

1  kg  of  gas  in  flow  section  1  2| 

L  a 

r 

Lr/a 

is  the  friction  work  done  during 
of  1  kg  of  gas  in  flow  section  1 

the 

2. 

movement 

W«  can  now  taka  it  that  in  tha  general  caae  heat  can  be  added 
to  a  moving  gas  in  two  ways)  aa  a  result  of  a  heat  exchange  with 
an  outside  medium  (or,  for  instance,  as  a  result  of  fuel  combustion 
in  the  flow),  in  amount  QH,  and  as  a  result  of  the  conversion  of 
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friction  work  L  into  heat  Q  which  la  absorbed  by  tha  gas.  Sines 
it  is  obvious  that  Qr  *  AL^,  Q  «  +  AL^,  so  after  substituting 

in  formula  (1.5)  and  making  the  reduction, 

Qm+AL- f  A  (  p.Vi  —  /;  ,v: )  =-  C  r  (  r;  —  7, )  +  A  • 

Moreover,  from  thermodynamics  the  sum  cyT  +  Apv  ■  i  is  the 
enthalpy  (heat  content),  that  is 

«•  ^7‘H- /I/*, 

where  c^  is  the  specific  heat  at  constant  pressure. 

Thus,  equation  (l.5a)  may  be  represented  in  the  following  form 

Q„  +  AL-A-*^p-  +  r„(7'1-  Tt).  (1.6) 

If  the  heat  is  expelled  from  the  gas  to  an  outside  medium, 
or  if  the  gas  performs  external  work  (if  the  gas  yields  energy), 
the  terras  QH  and  AL  in  equation  (t.6)  will  have  a  minus  sign,  so 
in  the  general  case,  we  can  write 

±Q,±M^c,(r,-T,)  +  A-^-.  (1.7) 

In  this  form  this  equation,  sometimes  called  the  heat  content 
equation,  is  widely  used  in  gas  turbine  and  Jet  engine  theory. 

It,  by  itself,  expresses  the  thermal  form  of  the  energy  balance 
for  a  moving  gas,  associating  its  temperature  with  the  velocity 
at  which  it  is  moving,  and  takes  into  account  the  energy  exchange 
between  the  gas  flow  and  the  outside  medium. 

This  equation  is  distinguished  by  a  significant  feature*  it 
contains  no  friction  work  magnitudes,  and  is  correct  for  flows 
with,  and  without,  friction.  This  is  explained  by  the  fact  that 
the  work  expended  in  overcoming  friction  is  completely  converted 
into  heat  that  is  absorbed  by  the  gas.  Therefore,  friction  only 
leads  to  the  conversion  of  one  form  of  energy  into  another  in  the 
flow,  and  can  have  no  effect  on  the  overall  energy  balance. 

Let  us  consider  certain  special  cases  of  equation  (l.7). 

1.  Air  flows  through  a  passage  in  a  centrifugal  impeller 
in  which  work  (+L)  is  added  to  the  air  from  without  in  flow  section 
1  2,  compressing  the  air,  and  increasing  its  temperature.  At  the 

same  time,  air  velocity  is  kept  constant,  c^  ■  c^.  The  air  simul¬ 
taneously  expels  some  heat,  ( — Qj^ )  •  to  the  surrounding  medium, 
through  the  passage  walls.  Under  these  conditions,  and  in  accord¬ 
ance  with  the  foregoing,  we  write 

AI.~?r(T.—  T.)  +  Q,r  (,.8) 

This  equation  shows  that  in  this  case  the  work  done  from 
without  is  expended  in  increasing  the  enthalpy  of  the  air,  and 
on  heat  transfer  to  surrounding  medium, 


2.  The  g as  in  aection  1  2  flows  through  the  passage  between 

turbine  rotor  blades,  expanding  and  performing  external  work  (-  L) 
transmitted  to  the  turbine  shaft.  Hsat  transfer  from  the  gas  through 
the  passage  walls  to  the  external  medium  is  negligible  and  can  be 
disregarded  (Qh  ■  0).  The  gas  temperature  falls  as  the  gas  expands 
(t2<  T,).  »o  from  equation  (1.7)  we  obtain 

rr(r,-~.)  =  AZ  +  A-^- 1.  (,.9) 

This  aquation  indicates  that  the  external  work  performed  by 
the  gas,  and  the  increase  in  kinetic  energy  (in  the  turbine,  ±2< 
c  | ) ,  are  the  result  of  a  reduction  in  its  enthalpy. 

3.  The  gas  flow  process  in  section  1  2  is  snergy  Isolated, 

that  is,  neither  heat  nor  work  is  added  or  rejected.  ( a  0  and 
L  ■  0).  Now,  we  obtained  from  equation  (1.7) 


or 


/.+ 


-4’ 


(1.10) 


Thus,  the  sum  of  the  enthalpy  and  the  kinetic  energy  is  a 
constant  for  an  energy  isolated  process  and  change  in  enthalpy, 
and  the  corresponding  change  in  gas  temperature  is  simply  a 
result  of  change  In  velocltye 

The  energy  equation  for  a  quiescent  gas  is  simpler  than  th* 
for  a  moving  gas,  because  if  the  gas  is  not  flowing  there  is  no 
change  in  its  kinetic  energy  and  friction  work,  and  the  work  done 
by  external  forces  can  only  be  associated  with  change  (deformation) 
in  gas  volume,  that  is,  with  its  expansion  or  compressions 

In  this  context  the  energy  equation  for  1  kg  of  quiescent  gas 
is  in  the  following  form,  known  from  thermodynamics  (the  equation 
for  the  first  law  of  thermodynamics) 


Q-'etfW.W  AL, 


0.11) 


where  Q  is  the  heat  involved  in  the  process; 

cv(T2  •  Tj)  is  the  change  in  the  internal  energy  of  the  gas; 

is  the  absolute  work  done  in  expanding  or  compressing 
the  gas  (work  done  in  deforming  its  volume). 

This  equation  indicates  that  in  a  quiescent  gas  all  the  heat, 
for  example  the  heat  added  to  the  gas,  is  expended  in  simply 
changing  its  Internal  energy  and  on  the  work  required  to  expand 
the  gas. 

Equation  ( 1 •  11)  ia  also  applicable  to  a  moving  gas  if  the 
energy  balance  is  equated  to  a  system  of  coordinates  that  moves 
with  the  flow  and  at  the  same  velocity;  that  is,  together  with 


the  center  of  gravity  of  a  separate  element  of  the  gas  volume. 
Here  we  must  keep  in  mind  that  in  the  general  case  the  friction 
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work  is  ALr  *  Qr  >  0  for  a  moving  ;ta  and  that  aa  a  raault  tha 
heat  involved  in  tha  proceaa  will  aqual  Q  -  +  ALr.  Therefore, 

equation  (l.ll)  should  ba  written  aa  follows  for  1  kf  of  Moving 


gaa 


(1.12) 


The  work  done  by  the  gas,  ,  can  ba  maasurad  in  tha  pv-coordl- 
nates  of  the  area  located  between  tha  curve  depicting  the  change 
of  state  process  and  the  axis  of  volumes |  the  shaded  area  1  2 

3  b  in  Figure  2.  The  absolute  magnitude  of  this  work  can  ba 
computed  through  formulas  derived  in  thermodynamics .  One  of  these 
formulas  for  the  general  case  of  polytropic  expansion  has  tha  fol¬ 


lowing  form  j 

4  =  «rr(A»i“/W). 


(1.13) 


where  n  is  the  exponent  of  the  polytropic  expansion  (or  compression). 


Figure  2.  Establishing  tha  absolute  work 
done  by  a  gas. 


If  no  heat  is  added  to  or  expelled  by  the  gas  (Q  *  0)  tha 
poly  tropic  exponent  n  in  formula  (1.13)  can  ba  replaced  by  tha 
adiabatic  exponent  k. 


Bernoulli’s  Equation 


There  is  yet  another  form  of  energy  equation  for  a  moving 
gas.  Let  us,  for  this  purpose,  take  equation  (1.3  a) 

<?,,  +  A/.+  A<  -  p.v,)  -  e.  (f,  -  T,)  +  (e§  -  c°) 

and  let  us  substitute  in  it  the  expression  for  external  heat,  Q^, 
fron  equation  (1.12)  c>„  =  cAT,-rl)  +  AL.-ALr 


Then,  after  combining  similar  terns,  and  making  a  simple  trans¬ 
formation  we  obtain  ,  c?“cr 

L+l.,  +  (p,v, -/>,»,)  =  — .,-i  +  l„. 

-Is 


The  sum  of  the  absolute  work  of  expansion  (or  compression) 
of  a  gas,  Lft,  and  the  work  L^_2(p1v1  -  p 2V2)  done  in  displacing 
its  volume,  is  called  the  total  work  of  polytropic  expansion  (or 
compression)  of  the  gas,  Lt ,  and,  in  accordance  with  ( 1 .  13),  is 
equal  to 

Lt=  4  +  r'i-i =  —  P-v,).  ( i ,  1  k ) 

In  graphical  form  and  in  pv-coordinates  this  work  can  be 
represented  by  the  shaded  area  a  1  2,  b  in  Figure  3. 
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Figure  J.  Establishing  the  total  work  done  by  a  gas. 

Thus,  retaining  the  previous  sign  rule  'or  the  external  work  L, 
w®  can  finally  writ®  .  2 

i,/.  i  — I, 

(1.15) 

This  is  the  so-called  generalized  Bernoulli  equation,  and 
represents  the  energy  balance  in  nechanical  form  for  1  kg  of  mov¬ 
ing  compressible  gas.  The  equation  explains  the  connection  between 
gas  velocity,  change  in  its  pressure  and  specific  volume,  friction 
work,  and  external  mechanical  work.  As  will  be  seen,  external  heat, 
Qh,  does  not  enter  into  the  Bernoulli  equation,  so  this  latter  has 
the  same  form  for  the  processes  involved  in  expelling  (or  adding) 
heat  as  it  does  for  processes  without  heat  exchange  with  the  ex¬ 
ternal  medium.  However,  the  intensity  and  the  direction  of  heat 
exchange  between  a  moving  gas  and  the  external  medium  have  a  direct 
effect  on  the  nature  of  the  thermodynamic  change  in  the  state  of 
the  gasf  that  is,  on  the  magnitude  of  the  polytropic  exponent  and, 
consequently,  can  be  taken  into  consideration  when  computing  the 
total  work  done  in  expanding  (or  compressing)  a  gas. 

Let  us  consider  certain  special  cases  of  the  Bernoulli 
equation. 

1.  Air  flows  through  a  compressor  impeller,  where,  in  section 
1  2,  work  ( +L)  Is  added  to  the  air  from  without,  as  a  result  c,i' 

which  the  air  is  compressed  and  forced  into  an  area  of  higher 
pressure  than  that  prevailing  at  the  impeller  inlet.  Air  velocity 
is  unchanged  (c2  a  e,).  We  also  have  friction  work  (Lp  >  0)  and 
heat  exchange  with  the  external  medium  (Qh  >  0).  Under  these 
conditions,  we  obtain  the  following  from  formula  (1,15) 

L  ♦  Lt  -  Lr, 
or 

=  -s4-f</W--/Wl+£,.  (1.16) 

This  equation  demonstrates  that  in  this  case  the  external 
work  is  expended  on  polytropic  compression,  in  forcing  the  air 
through,  and  for  overcoming  friction  (hydraulic  resistance). 

2.  Gas  flows  through  a  turbine  rotor  where,  expanding  in 
section  1  2,  it  does  external  work  (-L)  against  friction  (Lr  >  0). 

Let  us  disregard  the  heat  exchange  with  the  external  medium. 

In  this  case  we  obtain  the  following  from  formula  (1,15) 


4-/-- 


4  K 


('.  17) 
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or 


Equation  (1.17)  demonstrates  that  the  total  work  of  polytropic 
expansion  (the  potential  energy  of  the  gas)  is  expended  in  the 
turbine  in  doing  external  work,  increasing  the  kinetic  energy  of 
the  gas,  and  overcoming  friction. 


3.  Air  flows  through  a  pipeline,  expanding  against  friction 
(Lp*  >  0).  No  external  work  is  performed  (L  ■  0) ,  Now  we  obtain 
the  following  from  equation  ( 1 . 15) 


+  Lr. 


(1.18) 


Consequently,  when  L  ■  0  the  potential  energy  of  the  gas 
is  expended  in  changing  its  kinetic  energy  and  in  overcoming 
friction. 


4..  External  work  is  L  ■  0,  friction  work  is  Lr  ■  0.  The  air 
flow  through  section  1  2  is  slowed  by  the  corresponding  change 

in  the  pipe  cross-sec tienj  the  velocity  is  c2  <  c^.  In  this 
case  equation  ( 1 «  1 5 )  will  obviously  be  in  the  form 


-c5 


=  ir=T  < /*•»  ~  AA)  +  ir  (1.19) 

Thus,  when  L  ■  0  the  kinetic  energy  of  a  decelerating  gas 
is  expended  on  its  compression,  on  forcing  it  through,  and  on 
overcoming  friction. 


3.  The  gas  flow  process  is  energy  isolated  (L  ■  0)  ■  0 ) , 

and  there  is  no  friction  (Lr  *  0)j  that  is,  process  is  adiabatic 

and  n  ■  k.  For  these  conditions,  we  obtain  the  following  through 

equation  ( 1  •  1 5 )  and  formula  (1.14)  _ *  f  rj-rf 

*  -  1  \P\* 1  —PiVi)  =  — . 

(120) 

Consequently,  in  an  energy  isolated  process  an  increase  in 
velocity  must  be  accompanied  by  a  reduction  in  gas  pressure  (ex¬ 
pansion),  and  a  decrease  In  gas  velocity  must  be  accompanied  by 
an  increase  in  its  pressure  (compression).  It  is  easily  seen 
that  equations  (1.10)  and  (1.20)  are  identical.  Actually,  based 
on  the  known  equation  of  state,  pv  ■  RT  (where  R  is  the  gas  con¬ 
stant),  we  can  write 

-r=-r < p>vi - p#,)  =■  -f4rr (1.20  a) 

However,  from  Mayer's  aquation,  c^  -  cy  ■  AR,  kR/k-1  *  Cp/A* 

which  after  substitution  in  equation  (l.20)  again  leads  to 
equation  ( 1 . 10) . 

Comparing  equations  ( 1 . 18),  ( 1 • 1 9 ) •  and  (1.20)  it  is  readily 
seen  that  friction  (hydraulic  resistance)  reduces  the  potential 
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energy  (pressure)  when  kinetic  energy  is  converted  into  potential 
energy,  and  will  reduce  kinetic  energy  (velocity)  when  potential 
energy  is  converted  into  kinetic  energy. 

6.  For  an  incompressible  liquid,  v  ■  1/y  ■  constant,  so 

L  ^vt(p,  —/>.)=  - . 

and  if  L  *  0,  equation  (1.15)  will  take  the  following  form,  known 

from  hydraulics,  £lh£l  _  illlfL  +  1 . 

T.  “  2*  '*  .  v 

(1.21) 

If,  moreover,  L  ■  0,  we  obtain 

A4l=iui 

T>  ^'4?  V,  (1.22) 

Consequently,  when  L  ■  0  and  Lr  -  0,  the  sum  of  the  potential 
and  kinetic  energies  is  a  constant.  Equations  (l.2l)  and  (1.22) 
are  also  applicable  to  the  motion  of  a  compressible  gas  if  its 
pressure  drop  is  insignificant,  with  the  result  that  we  can  take 
Vi  **  Y2  without  significant  error. 


4 .  Stagnation  Parameters.  Special  Features  Involved  in  Heating 
Bodies  in  a  Gas  Flow. 

What  follows  from  the  energy  equation  at  (l.10)  for  an  energy 
isolated  flow  is  that  gas  temperature  and  enthalpy  Increase  with  a 
decrease  in  gas  velocity  and  reach  their  maximum  values  when  the 
flow  velocity  euqals  zero;  that  is,  when  the  flow  is  completely 
stagnated. 

The  temperature  of  a  completely  stagnated  flow  is  called  the 
stagnation  temperature,  and  the  corresponding  enthalpy  is  called 
the  total  enthalpy.  In  what  follows  enthalpy,  temperature,  und 
other  state  parameters  of  a  completely  stagnated  flow  will  be  in¬ 
dicated  by  the  corresponding  letters  and  an  asterisk. 

Thus,  if  the  flow  velocity  of  an  energy  isolated  flow  is  re¬ 
duced  from  Ci  ■  c  to  c2  ■  0,  the  energy  equation  at  ( 1 . 1 0 )  can  be 


written 


i  -h  A  ■ 


t  i*  const, 


from  whence  is  found  the  stagnation  temperature 

r*=.r const. 


(1.23) 


where  T*  is  the  stagnation  temperature  (c  ■  o)j 

T  is  the  true  (thermodynamic)  temperature  of  a  gas  moving 

at  velocity  c  >  0. 

For  air  c  ■  0.24r  so 

P  3  . 

T;ir«  T  +  c  /2000.  (1.23  «<) 

These  relationships  demonstrate  that  total  enthalpy  i*  and 
stagnation  temperature  T*  are  constants  for  energy  isolated  flows 
and  are  completely  independent  of  the  nature  of  the  process  of 
flow  stagnation. 
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Let  us  turn  to  the  following  example  to  explain  the  physical 
significance  of  stagnation  temperature.  The  leading  edge  of  a 
solid  body  placed  in  a  gas  flow  will  deflect  the  flow  from  its 
initial  direction.  However,  there  is  always  one  among  the  tra¬ 
veling  stream  filaments  on  the  body  that  is  not  deflected,  but 
approaches  normal  to  the  body  and  upon  impact  loses  all  its  kinetic 
energy  (velocity);  that  is,  is  completely  stagnated.  That  point 
on  the  surface  of  the  body  where  this  phenomenon  occurs  is  called 
the  stagnation  point,  or  the  zero  velocity  point.  The  gas  temper¬ 
ature  at  the  stagnation  point,  where  the  gas  velocity  becomes  zero, 
and  will  exactly  equal  the  stagnation  temperature,  is  determined 
through  equation  (t.23)  if,  of  course,  the  very  insignificant 
heat  exchange  between  adjacent  stream  filaments  is  disregarded. 

What  follows  from  the  Bernoulli  aquation  at  (1.2)  for  an 
energy-isolated  flow  when  there  is  no  friction  (for  an  adiabatic 
flow)  is  that  a  reduction  in  velocity  (c2<  c,)  will  increase  gas 
pressure  oecause  the  gas  is  being  compressed,  and  will  reach  its 
maximum  upon  complete  stagnation,  when  the  velocity  is  reduced 
from  some  magnitude  a  c  to  zero|  that  is,  to  c 2  ■  0.  Now  the 
equation  at  (l.20)  will  take  the  following  form 

—  ] )  *-  ii 

wvi  /  ‘Jr*  (1.24) 

but  the  following  relationship  for  pressures  and  specific  volumes 
is  known  for  an  adiabatic  process  , 

S-(£)r- 


In  addition,  let  us  use  the  gas  state  equation  •  RT  ^ . 

Substituting  this  relationship  in  the  equation  at  (1.24)  and 
transforming,  we  can  write  it  in  the  following  general  form 


-  ■Wfe)V-'J=£. 

where  T  and  p  are  the  actual  temperature  and  pressure  (static 
pressure)  in  the  flow  at  a  flow  velocity  equal  to  c,  p*  is  the 
pressure  in  a  completely  adiabatic,  stagnant  flow  (when  c  •  0), 
and  called  the  total  pressure  or  the  stagnation  pressure# 

From  the  equation  at  (t.25)  total  pressure  equals 

P  ■  I’O-r— 3  TKwY  ’•  (>.26) 

Tor  air  k  ■  1.4,  R  >  29.3,  and  k/k- 1  a  3.5,  so 

4d.r=/7(1  +  T55ffr)3'  ■  (l.26a) 


We  note  that  the  effective  pressure  obtained  upon  total 
stagnation  of  the  gas  flow  is  usually  lower  than  the  total  pres¬ 
sure  established  through  the  formula  at  (1.26).  This  is  explained 
by  the  fact  that,  actually,  flow  stagnation  is  accompanied  by 
friction  (hydraulic  losses);  it  is  not  an  adiabatic  process. 
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In  many  casts  the  introduction  of  stagnation  parameters  great¬ 
ly  aiaplifiea  the  computations  sine*  by  ao  doing  there  ia  no  need 
for  a  separate  calculation  for  change  in  the  kinetic  energy  of  the 
flow. 

What  follows  from  the  foregoing  is  that  a  solid  body  located 
in  a  gas  flow  and  causing  it  to  stagnate  will,  aa  was  explained 
above,  result  in  compression  and  a  consequent  Increase  in  gas 
temperature.  Mow,  let  there  be  a  gas  flow  incident  to  a  plats 
perpendicular  to  the  flow.  In  the  center  of  the  flow,  in  front 
of  the  plate  itself,  where  flow  stagnation  is  total,  all  its 
kinetic  energy  is  convsrted  into  hast  and  the  gas  temperature  is 
increased,  becoming  equal  to  stagnation  temperature. 

As  a  rssult,  there  will  be  supplemental  heating  of  the 
slate  to  a  temperature  higher  than  that  of  the  moving  gas.  At 
the  same  time,  plate  temperature  will  be  somewhat  lower  than  the 
temperature  of  the  completely  stagnant  gas  because  some  of  the 
heat  will  have  been  expelled  from  the  plate  and  because  of  heat 
radiation  from  its  surface.  However,  in  many  cases  it  is  possible 
to  assume  without  appreciable  error  that  a  plate  perpendicular 
to  the  flow  hae  the  temperature  of  a  completely  stagnant  gas. 

Another  cause  of  flow  stagnation,  and  of  increase  in  gas 
temperature,  when  the  flow  washes  a  body  is  associated  with  gas 
viscosity.  Actually,  if  a  plate  is  placed  lengthwise  in  a  for¬ 
ward  flow  the  gas  too  will  be  stagnated  at  its  side,  longitudinally 
washed  surfaces,  and  its  temperature  will  be  increased  accordingly. 
In  this  case,  this  is  because  the  gas  viscosity  forms  a  thin,  so- 
called  boundary  layer  of  stagnated  gas  at  the  surface  of  bodies 
washed  by  a  gas. 

Gas  velocity  at  the  boundary  layer  increases  gradually  from 
aero  on  the  very  surface  of  the  plate  (where  the  gas  is  immo¬ 
bilized  by  the  friction  on  the  plate  surface)  to  the  value  of  the 
velocity  in  the  forward  flow  (at  the  outor  limit  of  the  boundary 
layer) . 

This  gradual  increase  in  velocity  at  the  boundary  layer  is 
explained  by  the  presence  of  internal  friction  between  adjoining 
gas  layers  at  the  boundary  layer,  the  result  of  gas  viscosity. 

Internal  friction  heats  the  gas,  and  boundary  layer  temper¬ 
ature  rises  above  that  of  the  forward  flow. 

Since,  for  the  reasons  indicated  above,  almost  all  the  kinetic 
energy  of  the  gas  (from  85  to  100  %)  is  converted  into  heat  at 
the  boundary  layer  along  a  longitudinally  washed  plate,  its  tem¬ 
perature  right  at  this  plate  will  be  found  to  be  close  to  stag¬ 
nation  temperature.  Correspondingly,  the  plate  itself  assumes 
the  increased  temperature. 
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Thus,  any  body  washed  by  a  tas  flow  will  b.  heat.d  to  a  tea- 
p.rature  in  excess  of  the  actual  (theraodynaaic)  temperature  of 
the  gee  in  a  forward  flow  undisturbed  by  the  effect  of  that  body 
(provided,  of  course,  that  special  cooling  is  not  used).  It  is 
this,  in  particular,  that  coaplicates  considerably  measurements 
of  the  true  temperature  of  a  moving  gas.  If  a  thermometer  (thermo¬ 
couple,  or  other)  is  placed  in  the  gas  flow,  the  gas  temperature 
at  the  thermometer  will  be  highest  at  the  stagnation  point  and 
equal  to  stagnation  temperatures 

r-  •  r- 


The  gas  temperature  at  the  thermometer  in  the  boundary  layer 
will  be  slightly  lower  than  the  stagnation  temperature,  but  still 
close  to  it.  Therefore,  the  thermometer  will  indicate  some  average 
elevated  temperature,  Tm,  of  the  gas  stagnated  near  it,  and  not 
the  true,  lower  temperature,  T,  of  the  gas  in  the  forward  undis¬ 
turbed  flow.  Consequently,  we  can  write  the  following  for  the 
temperature  measured  by  the  thermometer! 

Tm  -T+r.^, 

where  r  -  Tm  -  t/t*  -  T  is  the  temperature  recovering  factor, 
established  experimentally. 

This  factor  depends  on  thermometer  (temperature  sensor) 

design  and  shape,  viscosity,  and  heat  conductivity  of  the  gas. 
Special  temperature  measuring  devices  have  a  factor  rqyo.97  to 
0.98. 


Consequently,  in  order  to  determine  the  true  temperature  of 
a  moving  gas  it  is  necessary  to  know  gas  velocity  and  its  sped- 
fic  heat,  as  well  as  r. 


5'  Sound  Velocity  and  Mach  Number 

Experience  shows  that  any  so-called  local  perturbation,  such 
as  an  increase  in  pressure  (density developing  somewhere  in  a 
gaseous  medium,  will  be  propagated  in  all  directions  at  a  pre- 
determined  velocity. 

A  perturbation  is  called  small  if  the  changes  in  the  para¬ 
meters  (pressure,  density,  etc.)  caused  by  it  are  very  small 
compared  to  the  value,  of  these  parameter,  for  a  gas  in  a  state 
of  equilibrium. 

Small  perturbations  propagating  in  a  gaseous  medium  are 
called  weak  waves,  or  small  perturbation  waves.  Sound  waves  are 
a  characteristic  example  of  this  type  or  wave. 

A  sound  wave  consist,  of  regularly  alternating  domains  of 
increased  and  decreased  density  (and  pressure)  which  can  be  pro¬ 
pagated  in  a  gas  mass  at  a  velocity  called  the  sound  velocity. 
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AH  the  other  lull  perturbations  not  perceived  by  the  himan  ear 
ae  sound  can  be  propagated  in  a  gaseous  medium  .t  precisely 
the  aaae  veloilty.  Therefore,  in  gas  dynasties  sound  velocity  is 
undsrstood  to  be  the  velocity  «t  which,  in  general,  all  .stall  per. 
turbatlons  in  density  and  pressure  are  propagated  in  a  gae  (air), 
regardless  of  whether  or  not  they  are  parceived  ae  sound  by  the 
huaan  ear. 


It  is  known  fron  physics  that  sound  velocity  equals 

that  is  it  depends  solely  on  the  temperature,  an]  the  type  of  gas. 
If  we  Insert  k  .  1.1*,  g  «  9.8l,  ,nd  „  .  29,a7  ln  thl,  formula>  we 

obtain  the  following  expression  for  the  velocity  of  sound  ln  air 

<1=110,1  VT. 


Since  sound  velocity  depends  on  temperature  it  can  differ  in 
th.  same  gae.  Sound  velocity  in  a  ga,  increa...  with  increase  In 
t«Mp*ratur«, 

Ae  altitude  increases  (up  to  11,000  m  above  ser.  levell,  the 
temperature  and  the  velocity  of  sound  in  air,  decrease. 

The  ratio  between  th.  velocity  at  which  a  gae  moves,  c,  and 
the  sound  velocity  in  a  ga.  flow,  a,  i.  called  th.  Mach  number 

M -T- 


Using  the  formula  at  (1.23)  and  th.  expr.e.ion  at  (1.27)  for 
eound  velocity,  w.  can  express  the  stagnation  parameter,  ln  terms 
of  the  Mach  number  as  follows 


I 


(1.28) 

(1.29) 


where  p,  a.  before,  1.  the  static  pressure  at  a  specified  point 
in  the  flow. 


If  the  Mach  number  i.  M  <  1  flow  1.  called  subsonic,  if  M>  1, 
supersonic.  There  can  .1.0  be  a  flow  regie,  when  the  gas  velocity 
coincide,  with  the  local  sound  velocity  ln  the  flow)  Mai.  This 
ge.  flow  regime  is  called  the  critical  regime,  and,  in  accordance 
with  (1.28)  the  critical  temperature  in  th.  flow  corresponds  to  it. 

Tcrlt  -  2A  ♦  1  •  T*.  (1.30) 

The  gas  velocity,  which  is  thus  equal  to  the  local  sound 
velocity  in  the  flow,  is  called  the  critical  velocity,  or  critical 
Sound  velocity.  It  is  obvious  that  this  velocity  is  equal  to 

°crit  *  *crit  *  lT«kRTcrit 


T) 


**  S0Umi  only  thos»  sma11  perturbations 
Mcond!  frequencies  from  20  to  20,000  oscillations  per 
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or,  expressing  Tcrlt  In  torn*  of  stagnation  temperature  through 
the  equation  at  (1.30)1 

ccrit  "  V2*  •  h/k  ♦  1  .  RT*.  (I.31) 

In  an  energy  isolated  flow  a  change  in  gaa  temperature  la 
aeaoclated  only  with  a  change  in  the  velocity  at  which  the  gaa 
la  aiovlng.  Sound  velocity  in  a  given  gaa  dependa  only  on  ita 
temperature.  Therefore,  in  a  given  caae  the  aound  velocity  in 
a  gaa  ahould  change  with  change  in  the  velocity  at  which  the  gaa 
la  moving,  the  reault  of  the  correaponding  change  in  ita  tem¬ 
perature. 

iccc.rdirgly,  in  the  caae  under  conaideration  the  Mach  number 
will  increaae  with  an  increase  in  the  velocity  at  which  the  gaa 
la  moving,  aa  well  aa  a  reduction  in  the  local  aound  velocity 
in  the  proceaa  and  if  there  ia  flow  stagnation  the  Mach  number 
will  be  reduced  at  a  reault  of  the  reduction  in  the  velocity  at 
which  the  gaa  la  moving  and  the  Increaae  in  the  local  aound  va¬ 
lue  lty. 


In  the  caae  of  a  gaa  flow  without  anargy  exchange  with  the 
aurroundlng  medium,  the  atagr.atlon  temperature  at  each  point,  or 
aectlon  of  the  flow,  ia  a  ccnatant,  aa  la  the  critical  aound  ve¬ 
locity.  Thla  follows  from  the  formula  at  (1.31), 

The  relationship  between  the  velocity  at  which  a  gaa  ia 
moving  and  the  critical  aound  velocity  la  called  velocity  co¬ 
efficient  *  t 


*  ■  C/*crlt  C.32) 

It  is  obvious  that  in  the  critical  gas  flow  regime  (when 

C  ■  "ertt*  th*  v«locity  coefficient,  aa  well  aa  the  Mach  number, 
equal  one,  »eplt  .  Meplt  .  1. 

It  is  readily  seen  that,  unlike  the  Mach  number,  this  co¬ 
efficient  le  only  proportional  to  the  velocity  at  which  the  gaa 
is  moving  because  »crlt  is  a  conatant. 

In  many  cases  simpler  relationships  can  be  obtained  by  using 
1  ,  instead  of  the  Mach  number.  Therefore,  in  gas  dynamics,  as 
well  as  in  Jet  engine,  compressor,  and  turbine  theory,  the 
velocity  coefficient,  x ,  is  widely  used,  in  addition  to  the  Mach 
number. 


Propagation  of  Weak  Perturbations  in  a  Gaa,  Shock  Waves. 

As  was  explained  above,  weak  perturbations  propagated  in  a 
quiescent  gaa  do  so  from  their  origin  in  all  directions  in  the 
form  of  low-amplitude  compression  waves  of  identical  velocity, 
•qual  to  sound  velocity. 

Therefore,  if  a  perturbation  source  is  in  the  form  of  a  mass 
point  (a  body  of  insignificant  dimensions)  surrounded  on  all  sides 
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by  a  quiescent  gas,  the  leading  front  of  the  weak  compression  wave 
created  by  it  (the  perturbation  boundary)  will  be  a  sphere  (spheri¬ 
cal  wave)  which  can  be  represented  by  a  circle  on  a  plane. 

If  the  perturbation  source  somehow  generates  a  single  local 
perturbation  (compression)  in  the  surrounding  quiescent  gas,  by 
rapidly  increasing  its  volume,  for  example,  the  leading  front  of 
the  low-amplitude  compression  wave  created  moves  in  all  directions, 
covering  a  distance  after  one  second  numerically  equal  to  the 
sound  velocity  a,  after  two  seconds  a  distance  equal  to  2a,  etc. 
Thus,  the  radius  of  the  spherical ,  low-amplitude  wave  will  increase 
by  a  meters  per  second  and  in  quiescent  air  these  waves  will  be 
propagated  symmetrically  with  respect  to  the  perturbation  source 
(which,  in  a  plane  can  be  represented  by  concentric  circles 
centered  at  the  source). 

The  picture  is  different  when  weak  perturbations  are  propa¬ 
gated  in  a  gas  that  is  moving  relative  to  the  perturbation  source. 


Figure  4  Propagation  diagram  of  sound  waves 
""  in  a  subsonic  gas  flow. 

Now  the  perturbation  wave  is  not  only  propagated  in  radial 
directions,  but  is  also  carried  along  in  its  entirety  by  the  gas 
flow.  After  the  first  second  the  radius  of  the  spherical  wave 
will  become  numerically  equal  to  the  sound  velocity  a,  just  as  in 
the  case  of  the  quiescent  gas,  but  after  the  same  period  the 
entire  spherical  wave,  and  consequently  its  center  as  well,  is 
carried  along  by  the  flow,  moving  from  the  perturbation  source 
for  a  distance  numerically  equal  to  the  gas  velocity  c.  After 
two  seconds  the  wave  radius  will  equal  2a,  and  the  distance 
between  the  center  of  the  wave  and  the  perturbation  source  will 
become  equal  to  2c,  etc.  Obviously,  wave  propagation  can  no 
longer  be  symmetrical  relative  to  the  perturbation  source. 

The  propagation  velocity  of  these  waves  will  be  highest 
and  equal  to  c  4-  a  in  the  direction  of  gas  motion,  and  lowest 
and  equal  to  c  -  a  in  the  direction  opposite  to  the  gas  flow. 

Consequently,  in  a  subsonic  gas  flow,  when  velocity  is 
c  <  a,  tha  compression  waves  must  propagate  in  all  directions 
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from  the  perturbation  source,  In  the  direction  of  flow,  and 
opposite  to  it,  but  asymmetrically  with  respect  to  their  source 
A,  as  shown  in  Figure  4.  Now  the  perturbations  are  finally  pro¬ 
pagated  throughout  the  flow  and  do  not  attanuats  until  soma  dis¬ 
tance  froa  their  source,  the  result  of  the  viscoeity  of  the  gas. 

In  sonic  and  supersonic  gas  flows,  when  c  t  a,  the  drift 
velocity  of  compression  waves  due  to  the  flow  is  respectively 
equal  to  or  greater  than  the  propagation  velocity  (sound  velocity 
a)  of  the  waves  along  the  radii.  Therefore,  in  supersonic  (and 
sonic)  flows  small  perturbations,  compression  waves  that  is, 
cannot  be  propagated  against  the  gas  flow  but  will  be  concentrated 
exclusively  in  a  particular  section  extending  in  the  direction 
of  the  gas  flow,  as  shown  in  figures  3  and  6.  The  domain  in  which 
weak  perturbations  can  be  propagated  in  a  supersonic  flow  In  an 
expanse  (fig.  6)  shaped  like  a  cone  the  apex  of  which  is  in  the 
perturbation  source,  and  is  called  the  weak  perturbation  cone. 

The  surface  of  this  cone  is  the  boundary  dividing  the  flow  into 
two  parts,  the  perturbed  part  (inside  the  cone)  and  the  unpor- 
turbed  part  (outside  the  cone).  This  boundary  surface  is  called 
th"  Bgrturbatlon  wave  boundary,  or  simply  the  perturbation  boundary 
The  angle,  an,  between  the  generatrix  AB  of  the  perturbation 
boundary  (cone)  fig.  6)  and  the  velocity  direction,  c,  of  the 
gas  flow  is  called  the  perturbation  angle.  It  is  easily  apparent 
that  this  angle  can  be  established  through 


Figure  5  Schematic  diagram  of  the  propagation 
of  sound  waves  in  a  sonic  gas  flow. 
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Figure  6  Schematic  diagram  of  the  propagation 

of  sound  waves  in  a  supersonic  gas  flow. 
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Vhat  follows  from  this  relationship  is  that  with  an  increase 
in  the  Mach  number  there  is  a  reduction  in  the  perturbation  angle, 
and  that  the  domain  filled  by  the  perturbations  is  even  more  con¬ 
structed  and  extended  along  the  flow  in  the  direction  of  the  gas 
motion.  This  angle  will  increase  with  a  decrease  in  the  Mach  num¬ 
ber,  and  when  M  •  1  (c  •  a)  will  equal  90°)  the  perturbation 
boundary  will  develop  into  a  plane. 

Practically  speaking,  any  minor  obstacla,  such  as  a  shallow 
bend  in  a  surface  washed  by  the  gas,  a  scribe  mark,  or  protruberance, 
on  this  surface,  a  thin  tapered  body,  the  leading  edge  of  which 
has  a  very  small  cons  angle  (and  which,  strictly  speaking,  has  an 
infinite  span),  etc.,  can  ba  the  source  of  small  perturbations. 

These  obstacles  generate  a  small  compression  which  too  can  be 
propagated  in  the  flow  as  described  above. 

In  all  cases  where  a  supersonic  flow  washes  bodies  with 
lateral  dimensions  such  as  to  cause  them  to  become  definite  and 
significant  obstaclea  to  the  gas  flow  there  is  strong  perturbation, 
a  strong  pressure  wave,  or  so-called  shock  wave  developed  in  front 
of  the  body  as  a  result  of  flow  stagnation.  Experiments  have  shown 
that  strong  perturbations  propagate  in  a  gas  at  supersonic  veloci¬ 
ty.  This  is  explained,  in  particular,  by  the  fact  that  a  shock 
wave  generated  in  front  of  a  body  washed  by  a  supersonic  steady- 
state  flow  is  stationary  relative  to  the  body. 

The  generation  of  a  shock  wave  when  a  supersonic  gas  (air) 
flow  washes  any  body,  such  as  a  bullet,  rocket,  aircraft  wing, 
etc.  (or  when  the  bodies  move  relative  to  a  quiescent  gas  at  super¬ 
sonic  speed),  can  be  explained  as  follows. 

Small  perturbations  in  the  gas  (an  increase  in  pressure) 
caused  by  each  surface  element  of  a  body  washed  by  a  supersonic 
flow  are  euperlmpoaed  and  added,  so  strong  perturbation,  a  shock 
wave,  is  generated  ahead  of  the  body.  The  shock  wavs  has  its 
greatest  intensity  directly  in  front  of  the  body.  As  the  distance 
from  the  body  increases  the  intensity  of  the  perturbations  it 
causes  in  the  gas  decrease,  the  result  of  gas  viscosity,  and  well 
away  from  the  body  the  shock  wave  gradually  merges  into  the 
boundary  wave  of  the  weak  perturbations. 

The  basic  feature  of  the  shock  wave  is  that  its  front  is 
very  narrow  (about  10"5  mm),  so  it  undergoes  an  abrupt,  shock- 
type  increase  in  gas  pressure,  temperature,  and  density,  in 
addition  to  an  abrupt  reduction  in  velocity. 

The  shock  wave  is  also  the  boundary  dividing  the  flow  into 
two  parts i  the  unperturbed  (ahead  of  the  shock  front)  and  the 
perturbed  (behind  the  shock  front).  A  gas  interlayer  of  much 
higher  pressure  is  enclosed  between  the  shock  front  and  the  lead¬ 
ing  face  of  the  body  and  has  the  same  effect  as  if  the  inflowing, 
unperturbed  stream  had  hit  an  unexpected  obstacle,  experiencing 


gaa  shock  (at  the  shock  wavs)  upon  contact.  This  shock  resembles 
the  shock  of  a  Jet  striking  a  solid  obstacle,  accompanied  by 
sudden  loss  of  velocity  in  the  direction  of  the  normal,  and  a 
corresponding  increase  in  pressure*  The  difference  between  these 
two  situations  is  that  in  the  case  of  the  solid  obstacle  the  Jet 
velocity  in  the  direction  *»f  the  normal  is  lost  completely, 
whereaq  flow  velocity  in  the  direction  normal  to  the  shock  wave 
is  reduced  considerably,  but  not  lost  completely.  Consequently, 
it  can  be  said  that  a  supersonic  flow  appears  to  "strike"  the  ob¬ 
stacle  suddenly  and  begins  to  adapt  to  the  shape  of  the  body, 
that  is  it  will  not  begin  to  wash  it  behind  the  front  of  the  shock 
wave  (fig.  7  b). 


Figure  7  Diagrams  of  flows  around  bodies  at  sub¬ 
sonic  (a)  and  supersonic  (b)  velocities. 

However,  if  the  body  is  washed  by  a  gaa  flow  at  subsonic 
velocity,  the  perturbation  caused  by  it  associated  with  flow 
stagnation  will  propagate  in  the  form  of  a  pressure  wave  in  the 
direction  against  the  flow  far  ahead  of  the  leading  part  of  the 
body.  The  gaa  flow  begina  to  deform  gradually,  and  accomodate 
to  washing  the  body  long  before  it  approaches  the  body  (fig.  7  a). 

Shock  wavea  can  be  normal  or  oblique.  A  ahock  wave  is  called 
normal  if  it  a  surface  (front)  is  perpendicular  to  the  direction 
of  the  velocity  of  the  inflowing  unperturbed  stream,  that  is.  If 
it  contains  the  angle  Cl  ■  90°. 

Flow  stagnation  for  a  normal  shock  wave  is  so  great  that 
flow  velocity  behind  it  la  always  leas  than  sound  velocity,  no 
matter  how  large  it  was  in  front  of  the  shock  waves. 

A  s  lock  wave  is  called  oblique  if  its  surface  forms  an  acute 
angle  (a  <  90°)  with  the  direction  of  the  inflowing,  unperturbed 
stream.  An  oblique  shock  wave  is  obtained  when  a  supersonic  gas 
flow  intersects  a  ahock  front  and  is  forced  to  deviate  from  its 
original  direction  by  some  angle  “>i  as  when  it  flows  around 
a  wedge-shaped  body, for  example  (fig.  8). 


Figure  8  Diagram  of  an  oblique  shock  wave 
A  oblique  shock  wave 
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The  oblique  ahock  weve  ie  always  weaker  then  the  normal  shock 
wave,  at  the  sasie  velocity  of  the  inflowing,  unperturbed  etreami 
the  oblique  ahock  wave  velocity  decrease  and  pressure  increase  are 
always  less  than  in  the  case  of  the  shock  wave.  The  velocity  of 
the  gas  flow  behind  an  oblique  shock  wave  can  be  either  leas  or 
greater  than  sound  velocity, 

Sas  dynamics  has  proved  that  the  angle  of  tilt  of  a  shock 
wave,  a  (fig.  8)  depends  on  the  angle  is  of  the  leading  edge  of 
the  washed  body,  and  on  the  Mach  number  of  the  inflowing  stream. 
With  increasing  angle  ui  and  M  m  constant,  the  angle  of  tilt  a  of 
the  wave  increases,  and  when  angle  <u  becomes  greater  than  some 
specific  value  for  the  velocity  in  question,  the  ahock  wave  se¬ 
parates  from  the  body  and  its  front  bends,  the  shock  wave  curves 
in  the  general  case  (fig.  7  b).  There  is,  in  the  leading  part  of 
such  a  shock  wave,  a  section  close  to  a  normal  shock  wave,  but 
with  increase  in  distance  from  the  body,  the  angle  of  tilt  of  the 
curved  shock  wave  is  reduced,  approaching  the  weak  perturbation 
angle.  An  increase  in  the  Mach  number  of  the  inflowing  stream, 

constant,  will  reduce  the  angle  of  tilt  a  of  an  oblique  shock 
wave. 

Gas  compression  associated  with  subsonic  flow  stagnation, 
that  is,  with  compression  in  a  sonic  wave,  takes  place  with  prac¬ 
tically  no  loss,  and  without  heat  exchange  with  the  external 
Siediumi  that  is,  adiabatlcally.  This  is  explained  by  the  fact 
that  in  sonic  (weak)  waves  propagating  in  a  gas,  the  processes 
of  compression  and  expansion  proceed  so  rapidly  that  it  is  prac¬ 
tically  impossible  for  heat  exchange  to  take  place  between  that 
part  of  the  gas  where  these  waves  proceed  and  its  other  parts,  as 
W®H  ••  with  the  external  medium.  In  addition,  because  of  the 
email  change  in  the  gas  state  involved,  the  effect  of  internal 
gas  friction  is  not  manifested  perceptibly.  Therefore,  the  ki¬ 
netic  energy  lost  by  the  gas  is  completely  expended  in  increasing 
its  pressure,  and  gas  entropy  does  not  change,  so  that  pressure 
and  density  are  linked  by  the  well-known  adiabatic  equation 

P±„  (IlY 
Pi  \  f.  /  ' 

In  the  case  of  shock  waves  gas  compression,  associated  with 
supersonic  flow  stagnation,  heat  exchange  with  the  external  medium 
can,  as  before,  be  disregarded.  However,  gas  entropy  increases, 
and  this  is  associated  with  the  irreversible,  shock-type  nature 
of  the  shock  wave  compression  process.  When  gas  stagnation  occurs 
in  this  manner  some  of  its  kinetic  energy  is  irreversibly  con¬ 
verted  directly  into  heat  at  the  ahock  wave.  This  energy  is  ab¬ 
sorbed  by  the  gas  and  is  not  consumed  in  increasing  gas  pressure. 
Thus,  in  the  case  of  flow  stagnation  in  a  shock  wave  not  all 


26 


the  kinetic  energy  in  the  gaa  ia  consumed  in  its  compression. 

Some  of  it  is  converted  irreversibly  into  heat  and  simply  heats 
the  gas,  the  while  reducing  its  compression  (pressure  is  increased). 

Gas  compression,  and  the  simultaneous  introduction  of  heat 
into  the  gas  (in  this  case  the  result  of  the  direct  conversion  of 
some  of  the  kinetic  energy  into  heat),  must  also  result  in  an  in¬ 
crease  in  the  entropy,  as  we  know  from  thermodynamics.  Therefore, 
the  pressure  behind  the  shock  wave  (both  static  and  total  pres¬ 
sure)  always  proves  to  be  lower  than  the  pressure  that  would  pre¬ 
vail  for  the  same  reduction  in  flow  velocity  but  with  no  shock 
wave  present;  that  is,  for  conventional  adiabatic  compression 
taking  place  without  change  in  entropy.  The  more  intensive  the 
shock  wave,  in  terms  of  degree  of  change  in  flow  velocity  in  it, 
the  greater  will  be  the  pressure  loss  characteristic  of  it. 

Given  the  same  increase  in  pressure,  the  increase  in  gas 
density  (the  magnitude  of  the  gas  compression)  at  the  shock  wave 
too  will  always  prove  to  be  less  than  it  would  be  under  conventional 
adiabatic  compression.  This  is  explained  by  the  fact  that  in  the 
first  case  the  gas  temperature  increases  to  a  greater  extent  than 
in  the  second  case,  because  of  the  gas  being  heated. 


Figure  9  Comparison  of  shock  (y)  and 
ordinary  adiabats  (A), 

Consequently,  some  association  between  gas  pressure  and  gas 
density  other  than  that  for  the  conventional  adiabat  must  be  ob¬ 
tained  for  the  process  of  shock  compression  at  the  shock  wave, 
specifically 

*  >  (-£)  instead  of  *—(*)'. 

The  graphical  representation  of  the  relationship  between 
gas  pressure  and  gas  density  under  shock  compression  at  the  shock 
wave  is  called  the  shock  adiabat . 

Figure  9  compares  a  shock  adiabat  Y,  and  an  ordinary  adiabat 
A,  and  makes  it  clear  that  for  the  shock  adiabat  an  increase  in 
the  pressure  ratio  p^/p.)  will  be  accompanied  by  a  significantly 
slower  increase  in  the  density  ratio  p2/p  i»  and  that  the  in“ 
crease  in  the  temperature  ratio  TJ2/T1  is  correspondingly  faster 
than  for  the  ordinary  adiabat.  Moreover,  regardless  of  how  large 
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e  pressure  ratio  P2/p,  may  be,  the  deueity  ratio  p  /p  cannot 
e  larger  than  some  predetermined  value  (no  iarger  than  6  ln 
oaae  of  air).  The  reaeon  i.  the  above  e.tabliehed  great  heating 
O  the  gae  at  the  shock  wave,  that  is,  the  great  increase  in  the 
temperature  ratio  T^/T^. 

7 •  The  Momentum  Equation. 

The  lav  of  momentum,  knows  from  theoretical  mechanics,  can  be 
stated  as  follows. 

Th*  — -Sg<’  ln  th3  Momentum  of  a  body  over  some  period  of  time 
eqUal®  th°  S2B.^tum  imparted  by  th.  resultant  of  .11  tha  fnrr.. 
acting  on  the  body  during  that  period. 

The  momentum  of  a  force  equal,  the  product  of  the  force  times 
its  action  time,  and  the  momentum  is  th.  product  of  th.  mass  of  a 
body  time,  its  velocity,  so,  the  lav  of  momentum  can  be  expressed 
through  the  following  equationi 

vhere 

p  is  the  projection  of  the  reeu’.tant  of  all  force,  applied 
to  a  mass  m  on  some  coordinate  axis| 

C  is  th.  projection  of  th.  velocity  of  th.  motion  of  ma.s  m 
on  the  same  axia| 

At  is  force  P  action  time  on  mass  m, 

A  (me)  is  the  change  in  the  momentum  of  ....  m  during  time  At  . 
This  is  the  form  the  momentum  equation  takes  as  used  in  solid 
mechanics.  There  is  another,  more  convenient  equation,  the  eo- 
called  hydrodynamic  form  of  th.  momentum  equation,  applicable  to 
«  gas  flow.  Let  us,  m  order  to  derive  the  momentum  equation  in 
hydrodynamic  form,  consider  the  steady  motion  of  an  elementary  gas 

filament  by  dividing  .action  ,  2  into  tvo  section,  normal  to  it. 

axis  (fig.  to). 

Let  us  assume  that  th.  motion  of  th.  filament  occurs  in 
plane  xOy,  that  external  force,  vhose  resultant  equal,  p  ,ct  on 
the  separated  gas  volume  1  2,  .„d  that  th.  projections  of  this 

resultant  on  the  x  and  y  axes  equal  P x  and  P  respectively.  Let 
the  separated  section  of  filament  1  2  assume  th.  position  ,•  2- 

after  an  infinitely  short  period  of  time  At  ,  under  the  effect  of 
these  forces. 


Figure  10  The  derivation  of  the  moment  equation. 
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Given  steady  motion,  the  state  and  velocity  of  the  fas  en¬ 
closed  in  volume  1*  2  will  not  change.  Therefore,  the  momentum 
of  the  mass  of  gas  in  thin  volume  too  remains  unchanged.  Conse¬ 
quently,  change  in  the  momentum  of  the  gas  mass  during  the  dis¬ 
placement  of  the  separated  volume  1  2  under  consideration  will 
be  determined  only  by  the  difference  between  the  momentuma  of 
the  gases  in  volumes  2  2*  and  1  1*.  In  other  words,  the  change 
in  momentum  during  time  At  in  the  direction  of  the  x-axls  will  equal 


where 


1  (/>ic)x  —  Aw/.,  — 


m2  and  m ^  are  the  gas  masses  enclosed  in  volumes  2  2'  and 

1  1', 

c2x  and  c.  are  the  projections  of  the  flow  velocities  through 
sections  2  2  and  1  1  on  the  x-axis. 

Expressing  the  mass  of  the  gas,  A  m,  through  its  weight, 

A  G,  and  the  acceleration  due  to  gravity,  g,  and  keeping  in  mind 
that  for  steady  motionA  G,,  *  A  G|f  we  can  write 

A  («»'),  -=■  "j?-  (<\-v  — 


However,  the  gas  weight  flow  per  second,  G,  equals  A  G/At  , 
and,  AG*  GAt  ,  so  q  /  VA 

,-c„)  **• 


Equating  the  change  in  momentum  obtained  to  the  momentum  of 
the  force  px  acting  on  the  flow  in  the  direction  of  the  x-axis, 
and  cancelling  the  equality  Aron  both  sides,  we  obtain 


P,--~  (<•=,-«, ,v  (1.33) 

We  can  obtain  the  following  in  the  direction  of  the  y-axis 
similarly 

P,  =  y(c:y  —  ci>! 

(1.34) 


Equation  (1.33),  or  (l.34),  is  the  momentum  equation  in 
hydrodynamic  form,  or  the  first  Euler  equation,  which  states  that 
for  a  steady  flow,  the  projection,  in  any  direction,  of  the  re¬ 
sultant  of  all  external  forces  applied  to  the  gas  stream  in  any 
of  its  flow  sections  is  equal  to  the  change  in  momentum  per  second 
at  that  section  in  the  same  directiri. 

In  the  general  case,  the  external  forces  applied  to  the  gas 
at  the  flow  section  under  consideration  will  be  the  hydrodynamic 
pressure  forces  acting  from  the  inflow  (p^F^),  as  well  as  the 
outflow  (p2F2)  sides,  such  as  the  gas  friction  force  against  the 
wall,  P^,  directed  against  the  motion  of  the  flow,  and  the  force 
of  the  surfaces  of  the  solid  walls  acting  on  the  gas  and  which 
limit  the  flow  or  are  inside  the  flow  (in  the  latter  case  this 
can  be  turbine  or  compressor  blades,  and  the  like,  washed  by  the 


gas .  ) 
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Let  us  explain  what  hae  been  said  through  the  following 
examples. 

1.  An  air  flow  moves  at  subsonic  velocity  through  a  dif¬ 
fuser  (fig  11),  that  is,  through  a  duct  1  2,  the  cross-sectional 
area  of  which  increases  in  the  direction  of  flow  (F2  >  Fj),  so 
that  air  velocity  is  reduced  (c2  <  c^),  but  pressure  increases 

(p2  >  p,)- 

Disregard  air  friction.  The  forces  acting  on  the  flow  will 

be  the  hydrodynamic  pressure  forces  in  the  inlet  and  outlet 

sectional  that  is,  forces  p  F.  (with  the  flow)  and  p.F,»  (against 

2  2 

the  flow)  and  the  force  of  the  inclined  walls  of  the  diffuser 
acting  on  the  gas,  p^. 


Figure  11  Forces  acting  on  the  walls  of  a  diffuser. 


Figure  12  Forces  acting  on  an  elbow. 

Taking  the  flow  direction  as  positive,  we  can  write  the 
momentum  equation  with  respect  to  the  longitudinal  axis  of  the 
diffuser,  x  -  x,  in  the  following  form 

p, = {-b'  +  /</',  -  rf, = A 

from  whence,  keeping  in  mind  that  e,r  —  (-/,  r,><Y.  <*u  ~  ,  we  obtain 

=  /'/V  —  Pil',  —  -7  (C>  "  (1.35) 

2.  Air  is  flowing  through  an  elbow  (fig.  12)  of  constant 
cross-section  bent  at  an  angle  of  90°.  At  the  elbow  inlet  the 
pressure  is  p^,  the  air  velocity  is  and  the  cross-sectional 
area  is  F^,  At  che  outlet  the  pressure  is  p2,  the  velocity  is  c2, 
and  the  area  is  F2  -  F,. 

Lee  us  compare  the  momentum  equation  with  respect  to  the 
x  -  x  and  y  -  y  axes  parallel  to  the  straight  sections  of  the 
elbow,  again  taking  the  direction  of  air  flow  as  positive. 
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In  the  case  of  the  projection  on  the  x  -  x  axis,  the  projec¬ 
tion  of  the  pressure  force  is  obtained  equal  to  thia  force 

and  flow  direction,  while  the  projections  of  the  pressure  force 
P2F2,  and  of  velocity  c2  prove  to  be  equal  to  zero  (c2x  «  0). 
Therefore,  in  terms  of  the  projections  on  the  x  -  x  axis,  the 
momentum  equation  can  be  written 

ffc,  +  I’,'-',  —  ~~cu 
or 

that  is,  the  horizontal  component  of  the  force  of  the  elbow  walls 
acting  on  the  flow,  p#  ,  is  directed  against  the  air  flow  and  ob¬ 
structs  its  motion  in  fhe  original  direction. 

The  projection  of  force  p.j  F 1  equals  zero  when  projected  on 
the  y  -  y  axisi  the  projection  of  force  p,,P2  equals  this  force, 
and  is  opposite  in  direction  to  the  flow  (-p^Fg),  Th*  projection 
of  the  velocity  is  c  ^  *  0.  Consequently,  for  projections  on  the 
y  -  y  axis  the  momentum  equation  will  have  the  following  form 

%^pr:  +  f.c;r 

that  is»,  the  vertical  component  of  the  force  of  the  walls  acting 
on  the  flow  is  with  the  air  flow  and  lends  itself  to  assisting 
movement  in  the  new  direction.  The  component  forces  p^  and  pft  , 
and  their  resultant,  pft,  are  indicated  by  dotted  arrowsXin  figure  12. 

The  resultant  of  forces  p^  and  p^  ,  that  is,  the  wall  force 
acting  on  flow  p&,  is  the  hypotenuse  ofythe  right  triangle  aOb  and 
equ.l.  = 

The  direction  of  force  p  is  determined  by  angle  q>  (fig.  12). 

It  is  obvious  that  the  tangent  of  this  angle  will  be  equal  to  the 

ratio  of  legs  ab  and  aC  of  triangle  aOb 

tan  <p  ■  ab/aO  *  p  /p 

y  * 

Given  F2  ■  F^.  If  moreover,  it  is  taken  that  p j  ■  p2  and 
c.  ■  c_,  then  p  ■  p  Now,  from  the  preceding  equations,  we 

obtain  ** 

Pa  “(aF, +  ■£-*.)  K5 

and 

tan  9  ■  1,  or  «  ■  4*)°, 

The  force  p^,  with  which  the  flow  acts  on  a  bent  pipe  is 

equal  in  magnitude  to  the  force  found,  p^,  but  is  directly  opposite 

direction  to  it  (solid  arrow  in  fig.  12). 

3.  A  flow  of air  proceeds  from  section  1  1  to  section  2  2 
through  a  straight  section  of  pipe  of  constant  cross-section 
(fig.  13).  Now,  if  there  is  no  friction,  there  are  no  forces  in¬ 
teracting  between  the  pipe  walis  and  the  flow  in  the  axial  direc¬ 
tion  (p^  ■  0  and  p^  ■  0).  If  we  take  the  direction  of  air  flow 
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at  positive,  the  Momentum  aquation  with  reapect  to  the  pipa  axis 
can  ba  written 

from  whanca 

/>:”/>.  —  &!—*.)• 

Since,  from  cha  flow  aiaaauranant  aquation 

0  »  etftF, 

than 

Pi^P.  —  (c*  —  r,). 


ft 

1 2 

j  c, 

— S,  1 

a 

Pleura  13  Air  flow  In  a  cylindrical  pipa. 

What  follow*  fro*  thla  expreeelon  la  that  tha  praasura  in  a 
pipeline  Of  conatant  croaa-aactlon  can  change  even  whan  thara  la 
no  friction,  and  no  external  work  la  being  dona.  It  la  aufflclant 
to  hava  a  change  In  air  flow  velocity,  however  achieved,  aay,  by 
heating  or  cooling  tha  air.  In  fact,  if  the  air  la  heated  lte 
apaclflc  gravity  will  be  reduced  and,  coneequently ,  lta  velocity 
will  lncreaae,  and  thla  follow*  froai  the  continuity  equation, 
written  for  the  condition  F(  ■  P2 

‘.T,  “  <Vr: 

or  '* 

Tha  moment  uai  aquation  makes  it  extremely  simple  to  aolva 
■any  important  problems  aaaociatad  with  establishing  forcaa 
acting  fro*  tha  gas  flow  aida  on  tha  aurfaca  of  aolid  bodlaa  that 
aithar  confina  tha  flow,  or  ara  locatad  in  tha  flow.  In  addition, 
on#  of  tha  Main  problaaia  in  Jat  angina  theory,  that  of  determining 
tha  thruat  developed  by  any  type  of  Jat  angina,  can  ba  aolvad  by 
uelng  thia  ease  aquation,  aa  will  ba  deaonat rated  in  what  follow#. 

An  important,  apaclal  feature  of  tha  momentum  aquation,  is 
that  it  can  ba  uaad  to  deteralne  tha  forcaa  that  ara  acting  merely 
froa  tha  known  gaa  atata  and  velocity  oaraaiatara  within  a  loop 
that  llalta  a  given  flow  aaction,  without  taking  into  account 
directly  tha  aubatanca  of  tha  procaaaaa  originating  outaida  thia 
loop. 
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Th«  following  law  of  moments  of  aoaontua  la  known  from  theo- 
rat leal  aachanlca.  Tha  moaant  of  tha  raaultant  of  all  the  forcaa 
applied  to  a  body  relative  to  soma  axle  equals  the  change  In  tha 
moment  of  momentum  of  that  body  relative  to  the  aame  axla  during 
the  time  the*.*  forces  are  acting 

MM  —  Hmer), 

where  M  is  the  moment  of  the  resultant  of  all  the  forces  applied 
to  a  body  of  mass  m| 

At  is  the  time  during  which  the  forces  acted  on  mass  ntf 
r  is  the  moment  arm) 
mcr  is  the  moment  of  momentum. 

Cot  us  apply  this  law  to  tha  steady  motion  of  an  elementary 
filament  (fig.  14),  keeping  in  mind  that  the  moments  of  the  radial 
components  of  the  forces,  and  the  momentums  with  reference  to 
point  O,  are  equal  to  zero. 


Filament  section  1  2  is  displaced  to  position  1*  2'  in  an 
infinitely  short  period  At.  The  change  in  tha  summed  moment  of 
the  momentum  of  the  gas  mass  enclosed  in  tha  volume  between 
sections  1  1  and  2  2  will  after  time  AT,  be  equal  to  the  difference 
in  the  moments  of  the  momentum  of  the  gas  enclosed  in  the  element* 
ary  volumes  1  1*  end  2  ?<  (for  the  reasons  stated  earlier,  the 
moment  of  momentum  of  the  gas  maes  in  volume  1 '  2  is  canceled 
upon  eubtratlon) 

MM  —  r,/,Am,  — 


where  M  is  the  moment  of  the  circular  component  of  the  resultant 
*11  the  external  forces  applied  to  the  separated 
section  of  filament  12» 

■|  *nd  m^  ere  the  massee  of  gee  in  elementary  volumes  1  1'  and 
2  2  1 1 

cju  *"d  c1u  *f*  the  circular  components  of  absolute  gas  velocities 
c?  and  c,  in  sections  2  2  and  1  1  (on  radii  rg  and  r,). 

Since,  in  the  case  of  steady  motion  AO-GAi,  and 

since  — -y-  >  after  the  corresponding  substitutions  and 

reductions 

M-  y(t Si) 

(1.36) 

This  equation  is  the  moments  of  momentum  equation  in  hydro- 
dynamlc  form,  end  is  called  the  eecond  Euler  equation. 

Equation  (1.36)  demonstrates  that  in  the  case  of  a  steady 
flow,  and  wlih  respect  to  some  axis,  the  moment  of  the  reeultant 
of  oil  the  external  forces  appllsd  to  any  gas  flow  section  (gas 
loop)  equals  the  difference  in  the  moments,  with  respect  to  thie 
same  axis,  of  the  somentume  per  second  of  the  outflowing  and  in¬ 
flowing  gas. 
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Figure  14  The  derivation  of  the  momenta  of  momentum 
equation. 

It  is  easy  to  proceed  from  moment  M  to  external  work  L  done 
by  the  flow(  or  introduced  into  it  from  the  outside ,  equated  to 
1  kg  of  gas.  For  this  purpose,  equation  ( 1 • 36 )  must  be  multiplied 
by  the  angular  velocity  a)  of  the  displacement  of  the  moment  arm 
(radius  r),  end  divided  by  the  rate  of  flow  per  second,  G 

=  — (1.36  a) 

In  this  case  of  inertial  flow  motion  without  friction  the 
moment  of  the  external  forces  equals  zero  (M  ■  O),  and,  from 
equation  (1.36),  we  obtain 

that  is,  the  circular  velocity 
decrease  in  the  radius. 


£ia  —  h~ 

or  Pm  r>  % 

component  will  increase  with  a 
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CHAPTER  2 

TURBOJET  ENGINES 

1 .  General  Information 

Figure  15  is  a  diagrammatic  layout  of  a  turbojet  engine  with 
the  principal  design  cross-sections  of  its  flow  section  as  shown. 

Section  HH, ahead  of  the  engine  intake,  marks  the  boundary  of 
external  air  unperturbed  by  the  engine  effect.  This  means  that 
through  section  HH,  and  to  the  left  of  it  (on  the  side  away  from 
the  engine) , pressure  and  temperature,  pun  and  v  are  equal  to 
atmospheric,  and  that  the  air  velocity  relative  to  the  engine  is 
equal  to  the  airspeed,  V,  or  to  zero,  if  the  engine  Is  at  rest. 

The  parameters  for  conditions  and  air  velocity  through  section  HH 
are  taken  as  the  initial  parameters  when  making  thermal  and  gas 
dynamics  computations  for  the  engine. 

The  principal  elements  of  a  turbojet  engine  are  (in  the  order 
of  their  location,  beginning  with  the  intake  section  a1  a*)i  the 
engine  intake  section,  or  intake  device,  1  (the  section  from  a'  to 
a)  |  the  compressor,  2  (the  section  from  a  to  k)|  the  combustion  • 
chambers,  3  (from  k  to  z)|  the  gas  turbine,  4  (from  z  to  2  2) 
used  for  compressor  2,  and  auxiliary  (lube  oil  and  fuel  pumps, 
etc.)  drive  only,  and  not  shown  in  the  layout;  the  exhaust  pipe, 
or  transition  chamber  5  (from  2  2  to  e)|  and  the  Jet  nozzle,  6 
( from  e '  to  e ) . 

The  turbojet  engine  operates  as  follows.  Outside  air  is 
compressed  by  the  compressor,  2,  and  fed  uninterruptedly  into  the 
combustion  chamber,  3,  into  which  a  continuous  fine  spray  of 
liquid  fuel  is  injected  simultaneously  by  injectors,  i.  The  com¬ 
bustion  product  formed  as  a  result  of  uninterrupted  fuel  combustion 
pass  through  the  turbine,  4,  rotating  it,  and  then  pass  through 
the  exhaust  pipe,  5f  and  the  Jet  nozzle,  6,  and  are  discharged 
at  high  velocity  into  the  atmosphere  in  a  direction  opposite  to 
that  of  flight. 

The  corresponding  changes  in  pressure,  temperature,  ano  ve¬ 
locity  of  the  gas-air  flow  inside  a  turbojet  engine  running  at 
rest  are  shown  in  Figure  16  (below). 


PLf-tilH  Diagrammatic  layout  of  a  turbojet 

engine . 

1  -  engine  intake  section,  or  intake  device;  2  -  compressor; 
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3  -  combustion  chambers}  4  -  gas  turbine}  5  -  exhaust 
pipe,  or  transition  chamber;  6  -  Jet  nozzle. 


Figure  16  Change  in  air  and  combustion  product 
parameters  inside  a  turbojet  engine. 

When  an  engine  is  running  at  rest  the  air  movement  from 
section  a*  a’  to  the  compressor  inlet,  a  a,  is  subject  to  reduction 
in  pressure  and  temperature,  the  result  of  the  gradual  increase 
in  flow  velocity.  Too,  the  air  pressure  in  section  a*  a  is  re¬ 
duced  because  of  the  hydraulic  resistances  offered  by  the  engine 
intake  section. 

Air  pressure  is  increased  significant ly  during  the  compres¬ 
sion  process  in  the  compressor  (4  to  1 6  times  for  a  turbojet 
engine  running  at  rest  in  the  design  regime).  Air  temperature  is 
increased  accordingly.  There  is  usually  little  change  in  the 
axial  air  velocity  lengthwise  through  the  compressor,  however. 

Average  gas  temperature  increases  significantly  in  the 
combustion  chambers  as  a  result  of  fuel  combustion,  and  can  reach 
M50  to  1200°  K  at  the  turbine  inlet,  that  is,  through  section  z  z. 
Higher  temperatures  are  usually  not  acceptable  because  turbine 
blade  destruction  can  result  unless  special  internal  turbine 
blade  cooling  is  used.  The  pressure  is  slightly  reduced  through 
the  combustion  chambers,  the  result  of  hydraulic  resistances,  and 
the  acceleration  of  the  gas  flow,  explained  by  the  increase  in  its 
specific  volume,  associated  with  heating. 

The  gas  expands  in  the  turbine  (between  sections  z  z  and 
22),  so  its  pressure  and  temperature  are  reduced.  The  absolute 
gas  velocity  increases  significantly  in  the  turbine  nozzle  as¬ 
sembly  (between  sections  z  z  and  \  l).  However,  the  absolute 
gas  velocity  decreases  in  the  turbine  rotor  (between  sections  1  1 
and  2  2),  because  some  of  the  kinetic  energy  acquired  by  the  gas 
during  its  expansion  is  imparted  to  the  rotor  and  consumed  in 
driving  the  compressor  and  the  auxiliaries.  The  axial  component 
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of  the  gas  velocity  continues  to  increase  through  the  turbine, 
reaching  300  to  U00  m/sec  at  the  turbine  outlet  (in  section  2  2). 
This  is  explained  by  the  increase  in  the  specific  volume  of  the 
gas,  associated  with  its  expansion. 

The  gas  flows  from  the  turbine  into  the  exhaust  pipe,  which 
must  be  designed  to  deliver  the  gas  flow  to  the  Jet  nozzle  with 
least  possible  losses.  This  is  why  the  exhaust  pipe  ir»  shaped 
to  reduce  the  gas  flow  velocity  between  sections  2  2  »nd  e*  e'. 

In  other  words,  the  duct  between  those  sections  is  given  the 
configuration  of  a  small  diffuser  (the  flow  section  areas  in¬ 
creased  from  2  2  to  e'  e’)« 

Further  gas  expansion  takes  place  in  the  Jet  nozzle  between 
sections  e’  a'  and  e  e.  Gas  pressure  is  reduced,  either  to 
atmospheric,  or  to  greater  than  atmospheric  (see  below),  tempera¬ 
ture  is  reduced,  but  velocity  continues  to  increase,  reaching 
550  to  650  m/sec  at  the  engine  outlet  (section  e  e)  when  running 
on  the  ground  in  the  design  regime. 

In  flight,  the  velocity  head  compresses  the  air  in  front  of 
the  engine  intake,  with  the  result  that  air  entering  an  engine 
in  flight  has  pressure  and  temperature  higher  than  atmospheric. 
Consequently,  when  all  other  conditions  are  equal,  the  pressure 
throughout  the  engine  flow  section  is  increased  accordingly,  the 
pressure  drop  across  the  Jet  nozzle  is  increased,  and  the  result 
is  an  increase  in  the  escape  velocity  of  the  gas  from  the  Jet 
nozzle.  The  air  temperature  too  will  increase  through  the  length 
of  the  flow  section,  including  the  combustion  chambers*  However, 
the  gas  temperature  maintained  at  the  combustion  chamber  outlets, 
that  is,  ahead  of  the  turbine  (section  z  z)  is  not  in  excess  of 
the  magnitude  acceptable  for  reliable  turbine  operating  conditions. 
This  is  done  by  regulating  fuel  delivery,  in  some  engines  by 

changing  the  area  of  the  outlet  section  of  the  Jet  noz'sla  si¬ 
multaneously. 

Thus,  in  the  turbojet  engine  some  of  the  potential  energy  of 
the  combustion  products,  acquired  during  the  preliminary  air 
compression  process  and  subsequent  delivery  of  heat  to  the  engine 
during  the  combustion  process,  is  converted  into  mechanical  work 
in  the  turbine,  transferred  to  the  turbine  rotor,  and  then  used 
to  drive  the  compressor  and  the  auxiliaries.  The  kinetic  energy 
not  used  in  the  turbine  causes  a  significant  Increase  in  the  ve¬ 
locity  of  the  gas  flowing  through  the  turbine.  The  potential 
energy  unused  in  the  turbine  is  additionally  converted  into 
kinetic  energy  during  subsequent  gas  expansion  in  the  Jet  nozzle. 
The  result  is  a  high  engine  gas  escape  velocity,  one  that  is 


37 


nigher  then  the  airspeed.  Consequently,  the  gas-sir  flow  through 
the  turbojet  engine  is  accelerated.  This  causes  the  reactive 
forces  absorbed  by  the  engine  elements,  that  is,  the  Jet  thrust. 
Widely  used  as  well  are  afterburner  type  turbojet  engines.  A 
diagrammatic  layout  of  this  engine  is  shown  in  figure  17.  It 
differs  from  the  preceding  type  in  that  it  has  a  second  combustion 
chamber  located  between  the  turbine  and  the  Jet  nozzle,  a  so- 
called  afterburner,  in  which  additional  fuel  is  burned.  In  both 
these  engines  all  the  air  from  the  compressor  enters  the  combustion 
chambers  in  front  of  the  turbine  and  in  which  the  main  fuel  burns 
in  an  environment  containing  a  significant  excess  of  air.  How- 
ever,  upon  leaving  the  turbine,  the  combustion  products  first 
enter  the  afterburner,  into  which  additional  fuel  is  fed  and 
which  burns  when  mixed  with  the  air  that  was  unused  in  the  combus¬ 
tion  chambers  in  front  of  the  turbine.  The  gas  temperature  in  front 
of  the  Jet  nozzle  is  increased,  leading  to  an  increase  in  the  ve¬ 
locity  with  which  the  gas  escapes  from  the  nozzle. 


Figure  17  Diagrammatic  layout  of  the  afterburner 
type  turbojet  engine. 

A  —  afterburner j  1  -  intake  devicst  2  -  centrifugal 

compressori  3  -  combustion  chambers)  4  -  turbine! 

5  .  diffuser!  6  -  flame  stabilizers!  7  -  controllable 

Jet  nozzle)  8  -  thermocouple)  9  -  afterburner  fuel  line. 

All  modern  turbojet  engines  burn  fuel  continuously  at 
approximately  constant  reassure.  These  conditions  also  establish 
the  princip  .1  special  features  of  the  working  principle  of  these 
engines. 

Characteristic  layouts  of  existing  turbojet  engines  are  also 
shown  in  Figure  18,  19,  and  20.  Multi-stage  a  :ial-flow  compres¬ 
sors,  and  occasior illy  single-stage,  double-entry  and  single-entry 
centrifugal  cos.pri  ssors,  are  used  in  those  engines.  Axial-flow 
compressors  are  most  often  used  in  modern  turbojet  engines.  The 
turbines  used  are  single-stage,  two-stage,  and  three-stage  axial- 


flow  turbines. 
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Figure  18  Layout  of.  a  turbojet  engine  with  an 
axial-flow  compraaaor. 

1  -  inlat  section}  2  -  axial-flow  compressor)  3  -  combus¬ 
tion  chambers)  4  -  two-stage  turbine)  5  -  Jet  nozzle. 

There  are  also  engines  with  twin-shafts  (figure  19).  These 
engines  have  two  axial-flow  compressors,  one  a  low,  the  other  a 
high  pressure,  built  in  tandem,  with  no  mechanical  coupling,  each 
driven  by  its  own  turbine  (so-called  compound  compressor). 


Figure  19  Layout  of  a  twin-shaft  turbojet  engine. 

1  -  low-pressure  compressor)  2  -  high-pressure  compressor) 

3  -  combustion  chamber)  4  -  turbine  high-pressure 
compressor  turbine)  5  -  low-pressure  compressor  turbine. 

The  Jet  nozzles  in  the  engines,  the  layouts  of  which  are 
shown  in  figures  15*  18,  19,  and  20,  have  the  configuration  of 
simple  convergent  nozzles,  and  have  a  constant,  non-adjustable 
area  of  least  exit  section.  However,  many  modern  turbojet  engines 
use  Jet  nozzles  with  an  adjustable  (changed  during  engine  opera¬ 
tion)  exit  area,  and  in  many  cases  also  have  expansion,  or  "super¬ 
sonic**,  Jet  nozzles  (see  below). 


Figure  20  Layout  of  a  turbojet  engine  with  a 

double-entry,  centrifugal  compressor. 
1  -  intake  section;  2  -  compressor)  3  -  combustion 
chambers)  4  -  turbine;  5  -  jet  nozzle. 
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Let  us,  briefly,  consider  yet  other  epeciel  features  of 
turbojet  engine  working  principles. 

Compressor  end  turbine  shafts  are  made  separately,  or  integral, 
and  are  mounted  in  two,  three,  and  four  anti-friction  bearings. 
Journal  roller  bearings,  and  Journal  thrust  ball  bearings.  The 
latter,  in  addition  to  taking  the  radial  forces,  also  take  the 
axial  forces  generated  during  turbine  and  compressor  rotation. 

The  bearings  are  mounted  in  the  inner  strength  housing  of  the 
engine,  called  the  crank  case,  or  the  support. 

All  auxiliaries  (fuel  and  lube  oil  pumps,  governors,  genera¬ 
tors,  etc.)  are  driven  off  the  compressor  shaft  through  a  system 
of  geared  transmission  and  small,  intermediate  shafts.  All  turbo¬ 
jet  engines  use  governors  that  automatically  maintain  specified 
rpm,  or  limit  any  increase  in  rpm  and  gas  temperature  ahead  of 
the  turbine  above  their  maximum  permissible  values.  Plunger, 
or  gear  pumps  are  used  to  deliver  the  fuel  to  the  injectors  at 
the  pressuro  required  to  atomize  the  fuel  (as  high  as  80  to  100 
kg/cm2 ) . 

Engine  parts  subject  to  greatest  heating,  such  as  turbine 
blades,  wheels,  and  bearings,  combustion  chamber  walls,  exhaust 
piping,  and  the  like,  are  air-cooled.  In  turbojet  engines  with 
axial-flow  compressors,  air-cooling  is  usually  accomplished  by 
bleeding  air  from  an  intermediate  compressor  stage.  In  turbo¬ 
jet  engines  with  centrifugal  compressors,  the  cooling  air  is  bled 
from  the  cavity  at  the  compressor  outlet,  or  supplied  by  a  special, 
separate,  impeller,  mounted  on  the  shaft  between  the  compressor 
and  the  turbine  (figure  20).  The  air  consumed  for  cooling  usually 
will  not  exceed  2  to  4  £  of  the  toai  air  flow  through  the  engine. 

As  a  rule,  about  2  to  3  ^  of  turbine  shaft  power  is  consumed  in 
driving  all  auxiliaries  and  supplying  cooling  air. 

Engine  beerings  are  lubricated  and  cooled  by  oil  sprayed 
on  them  by  special  metering  injectors  (nozzles),  to  which  the 
oil  is  pumped  at  a  pressure  of  2  to  4  kg/cm2  by  a  lube  oil  pump, 
usually  a  gear  type.  The  oil  drains  from  the  bearings  into  oil 
sumps  in  the  engine  housing  and  is  returned  to  the  oil  tank  by 
scavenging  pumps. 

Lube  oil  consumption  is  considerably  lower  in  turbojet 
engines  than  in  reciprocating  engines,  because  there  are  not  as 
many  working  surfaces  and  because  their  temperatures  are  lower, 
as  well  as  because  anti-friction  bearings  are  used. 

2.  Turbojet  Engine  Thrust 

The  effective  thrust  produced  by  a  turbojet  engine  equals 
the  axial  component  of  the  resultant  of  the  forces  acting  on  the 
engine  and  originating  in  the  gas  and  air  flow  within  the  engine 


and  in  the  external  air  flow  washing  the  engine. 

Let  us  use  the  momentum  equation  to  determine  the  effective 
thrust,  Peff.  For  this  purpose,  let  ue  isolate  that  coaxial  cylin¬ 
drical  separation  around  the  engine  (figure  21 ),  the  forward  edge, 

1  1 i and  side  (generators),  1  2,  the  boundaries  of  which  lie  com¬ 
pletely  beyond  the  limits  of  the  air  perturbed  by  the  engine,  and 
the  trailing  edge  boundary  surface  of  which,  2  2,  coincides  with 
the  plane  of  the  jet  nozzle  exit  section,  e  e. 


by  a  turbojet  engine. 

Key  t  A  -  direction  of  flight. 

The  pressure  at  the  end  1  1,  and  side,  1  2,  surfaces  of  this 
cylindrical  separation  will  be  equal  to  the  pressure,  pun,  of  the 
unperturbed  outsido  air,  and  its  velocity  with  reference  to  the 
engine  will  be  equal  to  the  airspeed  V, 

But  at  the  trailing  boundary  of  the  edge  surface,  2  2,  out¬ 
side  the  jet  of  exhaust  gases  (beyond  section  e  e),  that  is,  at 
the  annular  surface  with  area  equal  to  (F2  -  Fft),  the  pressure 
and  velocity  of  the  outside  air  with  reference  to  the  engine  will 
not  be  equal  to  the  pressure  Pun*  or  to  the  airspeed  V,  because 
of  the  perturbation  (stagnation)  effect  of  the  engine  on  the  ex¬ 
ternal  flow.  For  the  same  reason,  the  air  pressure  and  velocity 
through  the  radius  of  the  annular  area  (F2  -  F^)  will  be  variable. 
The  gas  has  pressure  pQ,  which,  in  the  general  case  does  not  equal 
pressure  pun  of  the  outside  air  (see  below),  in  the  jet  nozzle 

exit  section  e  e,  and  an  axial  discharge  velocity  equal  to  c  1  . 

e 

Let  us  now  derive  the  momentum  equation  applicable  to  the 
entire  flow  through  the  separated  cylindrical  area  between  its 
normal  sections  1  1  and  2  2  equating  it  to  x-x,  the  axis  of  sym¬ 
metry  of  the  engine  and  of  the  flow,  assuming  that  this  axis  co¬ 
incides  with  the  direction  of  flight  (at  speed  V). 

It  was  shown  in  Chapter  1  that  the  projection  in  any  direction 
of  the  resultant  of  all  external  forces  applied  to  the  gas  flow 
in  any  section  of  it,  equals  the  change  in  the  same  direction  of 
the  momentum  per  second  in  that  flow  section. 
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The  external  forces  acting  on  the  flow  under  consideration  in 
the  direction  of  the  x-x  axis  arei 

the  engine  force  acting  on  the  internal  part  of  the  cylindrical 
flow  that  passes  through  the  engine,  and  on  the  external  part 
that  washes  it.  Based  on  the  law  of  the  equality  of  action  and 
reaction  in  mechanics,  this  force  is  equal  in  magnitude  but  oppo¬ 
site  in  direction  to,  the  sought  for  effective  thrust, 

the  pressure  force  on  end  surface  1  1,  equal  to  the  product 
of  the  pressure  of  the  unperturbed  outside  air  times  the  area  of 
this  surface,  or  p  F^| 

the  pressure  force  on  the  end  surface  e  e,  equal  to  the  pro¬ 
duct  of  the  pressure  in  the  jet  nozzle  exit  section  times  its 
ar**«  P8re' 

the  pressure  force  on  the  end  surface  2  2,  beyond  the  Jet 
nozzle  exit  section  Fq,  that  is  on  the  annular  surface.  This 
force  can  be  represented  by  the  product  p^n  (F2  -  Ffi),  where  p^n 
is  the  average  value  of  the  variable  pressure  through  the  radius 
of  the  annular  section  (Fg  - 

The  change  in  the  momentum  of  the  entire  air  mass  moving 
between  sections  1  1,  and  2  2  in  the  cylindrical  area  under  con¬ 
sideration  in  one  second  and  caused  by  the  forces  listed  above 
can  he  represented  in  the  form  of  a  sum 

<"comc;  *  ”-.irV>  +  M  <V’  *  V> 

where  (m  c'  -  m  V)  is  the  change  in  momentum  in  the  internal 
com  e  an 

part  of  the  flow  passing  through  the  engine 
and  bounded  by  the  contour  Ha'eea’H) 
mcom  is  ma9S  combustion  products  escaping 

from  the  engine  per  second  at  velocity  c£| 
mR  is  the  mass  of  the  air  entering  the  engine 
per  second  at  an  initial  velocity  equal  to 
the  airspeed} 

M  is  the  mass  of  the  air  per  second  flowing 

past  the  outside  of  the  engine  through  the 
annular  areas  (F^  -  Fun)  and  then  (F2  -  F^)} 

V*  is  the  average  value  of  the  variable  velo¬ 
city  of  the  external  air  through  the  radius 
of  the  annular  section  (F2  -  F#), 

Thus,  if  we  take  the  direction  of  movement  of  the  flow  as 
positive  with  respect  to  the  engine,  and  keep  in  mind  that  area 
Fj  ■  F2,  the  sought  for  momentum  equation  can  be  written  in  the 
following  form 

p  +  p  F ,  -  p  F  -  p '  (F,  -  F  )  ■ 

*cff  *un  1  *e  e  Fun  '1  e' 

■  m  c'  -  m  .  V  +  M  (V  -  V). 

com  e  air  v  7 

If  we  now  add  +  PunFe  and  -  PunFe  to  the  left  side  of  the 
equality  thus  obtained,  after  a  simple  transformation  we  have 


a> 
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p.ff  *  “com0;  -  "airV  +  F.  <*>.  '  O  ' 

-^(Pun  *  Pin>  <F,  -  rj  -  M  (V  .  V>)J. 
or 

P.ff  *  "com0;  -  m.lrV  +  T.  <P.  -  Pun>  -  X’  <2-’> 

where 

X  ■  (pUn  *  Pin>  <71  -  Pe)  -  M  (V  -  V).  (i.2) 

The  sum  designated  X  is  the  engine  force  acting  on  the  ex¬ 
ternal  flow  of  air  washing  the  engine  and  causing  the  change  in 
pressure  and  momentum  (velocity)  in  this  flow^.  This  force  is 
equal  in  magnitude  and  opposite  in  direction  to  the  external  flow 
force  acting  on  the  engine,  that  is,  the  engine  drag  force  which 
reduces  effective  thrust. 

The  external  engine  drag  X  is  composed  of  the  drag  caused 
by  air  friction  on  the  luter  surface  of  the  engine  housing  (or 
on  the  engine  nacelle  in  whir-h  it  is  located),  of  the  wave  drag 
caused  by  the  engine  intake,  which  is  the  force  originating  from 
the  outside  flow  and  acting  on  the  engine  through  the  Intake  flow, 
which  is  shaped  by  engine  effect  (contour  Ha'a'H  in  figure  2l), 
and  of  the  engine  wave  drag  (its  nacelle)  |  that  is,  the  force 
exerted  by  the  excess  pressure  from  the  external  flew  on  the  ex¬ 
ternal  surface  of  the  engine  (nacelle). 

The  magnitude  of  the  external  engine  drag  depends  on  the  air¬ 
speed,  on  engine  shape  and  dimensions,  on  where  and  how  the  engine 
is  installed  in  the  aircraft,  on  the  effect  created  by  adjacent 
aircraft  parts,  etc.  The  magnitude  of  this  drag  is  found  through 
experimental  data,  and  in  many  cases  can  be  approximated  by  compu¬ 
tation  and  theoretically. 

The  relationships  obtained  demonstrate  that  the  effective 
thrust  produced  by  a  turbojet  engine  is  the  result  of  the  in¬ 
ternal  engine  operation  process  that  establishes  the  value  of  the 
velocity,  c^,  and  the  pressure,  pg ,  in  the  Jet  nozzle  exit  section, 
and  the  flow  of  air  and  combustion  products  through  the  engine, 
as  well  as  of  external  engine  drag,  that  is,  the  result  of  the 
conditions  under  which  the  external  washing  of  the  engine  takes 
place.  Moreover,  effective  thrust,  as  will  be  seen,  depends  on 
airspeed  and  altitude  (on  atmospheric  pressure,  Pun)« 

If  we  disregard  external  engine  drag,  assuming  X  m  O,  we  ob¬ 
tain  the  so-called  internal  thrust,  equal  to 

Expression  (2, 2)  for  force  X  can  be  obtained  from  the  momentum 
equation  writi  en  for  the  outer,  annular  part  of  the  flow  under 
consideration,  limited  from  within  by  the  contour  Ha'eea'H, 
and  from  without  by  the  contour  1221  (figure  21 ). 
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P  *  "con'i  *  ”.irV  *  P.  <».  ‘  Pun 

or,  passing  from  mass  flow  to  weight  flow, 

P  ■  W*  *  “i  '  V>  +  F>.  *  Pun>-  <2-3> 

where  0  .  and  G  are  the  mass  flows  of  air  and  combustion 
air  com 

products,  respectively,  through  the  engine} 

g  ■  9*81  Is  the  acceleration  of  gravity. 

Wave  drag  la  negligibly  low  at  subson? «  airspeeds,  and  air 

friction  is  slight,  so,  as  a  practical  matter,  However, 

at  supersonic  airspeeds  the  effective  engine  thrust  becomes  a  good 

deal  less  than  the  internal  thrust,  primarily  the  result  of  high 

engine  wave  drag  (by  its  intake),  and  can  be  85  to  70  %,  or  less, 

of  the  internal  engine  thrust. 

It  is  readily  seen  that  tho  internal  engine  thrust  lor  a 

given  airspeed  and  altitude  is  the  direct  result  of  just  the 

engine  operating  process.  Ve  will, in  what  follows, consider  just 

the  internal  engine  thrust,  and  refer  to  it  simply  ao  thrust. 

Let  the  weight  of  fuel  burned  in  the  engine  in  on*,  second 

equal  G^,  kg.  The  weight  of  the  combustion  products  will  then  be 

G  »  0*  ♦  G  .  ,  kg/sec,  \d  the  corresponding  weight  of  nir  i  on- 
com  z  axr 

sumed  will  equal  Gftir  ■  <*  1Q0f,  kg/sec,  and 

Gco»/°.lr  *  ’  +  V 

where  is  the  quantity  of  air  theoretically  required  for  the 
complete  combustion  of  1  kg  of  fuel} 
a  is  the  excess  of  air  coefficient,  a  •  G#ir  /  1QGf. 
Therefore,  equation  (2.3)  can  be  rewritten 

P  ■  G.ir/«  <’  +  #V*  'o  •  °;-V>  *  r>„-Pun>- 

Ordinarily  a  3,  and  1q  «  14  to  15  for  a  turbojet  engine, 
so  1+  1Q/  1Q  1,  providing  a  simpler,  and  sufficiently  accurate 

formula  for  establishing  the  thrust 

p  -  Galr/«  (c;-V)  +  r8(pe-pun).  (2.5) 

Accordingly,  we  obtain  the  following  for  engine  operation 
at  rest  when  V  ■  0 

P  ■  G  .  /g  •  c-  +  F  (p  -  p  )  (2.6) 

o  air'B  e  e  '*e  *un7  '  ' 

If  the  expansion  of  combustion  products  in  the  jot  nozzle 
is  completely  terminated,  the  discharge  velocity,  cfif  will  be 
higher  than  the  discharge  velocity,  c^,  for  Incomplete  expansion, 
all  other  conditions  being  eqqal,  and  a  pressure  equal  to  the  ex¬ 
ternal  pressure  will  be  established  in  the  jet  nozzle  exit  section. 
Now,  because  |>e  «  Pun*  exPresa*-on  f°r  the  thrust  will  assume 

the  following  form 

p  -  Gair/g  (ce  -  v).  (2.7) 

Accordingly,  when  the  engine  in  running  on  the  ground 

P  ■  G  ,  /g  •  c  • 
o  air' 6  e 


(2.8) 
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When  combustion  product  expansion  in  the  Jat  noszle  Is  in¬ 
complete,  tha  thrust  reduction  tha  raault  of  tho  raductlon  In 
thoir  discharge  valoclty  ( c ^  <  c#)  is  not  coaplotoly  compensated 
for  by  tho  supplemental  forco  F#(p#  -  Pun)t  #0  •n*4n*  thrust  Is 
reduced,  os  compared  with  that  found  in  tha  csss  of  full  axpsnslon. 


3.  Turbo.lat  Engine  Efflc  lane  las . 

Tha  loasas  lncurrad  during  tha  procossas  of  converting  the 
hast  Introduced  Into  a  Jat  engine  in  the  fora  of  chealcal  fuel 
energy  Into  external  work  perforaed  by  the  engine  thrust  (impart¬ 
ing  aovament  to  the  flying  machine)  are  evaluated  successively 
in  terms  of  three  ef f Iclancles i  effective  efficiency  1)  prepulslon 
effleleaoy  sad  as  a  seal  a,  er  total ,  effloleaoy 

Effective  efficiency  is  tho  ratio  of  tha  heatf  equivalent 
to  tho  Increase  in  tha  kinetic  energy  of  tha  gas  and  air  flow  In 
the  Jat  angina,  and  to  tha  consuaed  heat,  that  Is,  to  the  heat 
introduced  Into  tha  angina  in  the  form  of  chealcal  fuel  energy. 

Whan  gas  expansion  in  the  Jet  nossle  Is  complete,  when  the 
discharge  velocity  from  tha  nosslo  equals  c§,  the  Increase  In  the 
kinetic  energy  of  the  gas  and  air  flow  in  the  engine  is  the  dif¬ 
ference  c*cCOB/2*  “  v2°air/2**  *nd  th#  h#ftt  con"UBI*d  •quol*  the 
fuel  consumption,  Gf,  multiplied  by  the  calorific  value,  Hu,  so 
effective  efficiency  will  equal 

"  .  ■  *  <S0=o--V*°.ir/2«CfHU-  (2'9> 

where  A  ■  1/427  is  the  thermal  equivalent  of  the  mechanical 
energy . 

But  If,  as  before,  and  for  the  sake  of  simplicity,  we  assume 
th,t  Gco./°.lr  w  '•  ,nd  c.lr/°f  “®  ’o 

(2.10) 

where  if  ^  Hm  Is  the  amount  of  heat  consuaed  per  kg 

•  */, 

of  sir  flowing  through  the  engine. 

When  the  engine  it  running  at  rest,  that  is,  the  velocity 


Is  V  -  0, 


(2.11) 


When  gas  expansion  in  the  Jet  nossle  is  Incomplete,  the  ef¬ 
fective  efficiency,  as  wall  as  tha  efficiencies  that  will  be  dis¬ 
cussed  below,  can  be  established  conveniently  with  respect  to 
the  equivalent  discharge  velocity. 

The  equivalent  discharge  velocity,  c#q»  4*  here  understood 
to  mean  the  velocity  that  would  ba  required  in  the  event  of 
complete  gas  expansion  in  the  Jat  nossle  to  obtain  thrust  equal 
to  tha  thrust  provided  when  gas  expansion  is  incomplete,  but  air 
flow,  and  airspeed,  V,  are  the  same.  Accordingly,  in  order 


RA-017-68 


to  s.t.bli.h  the  equivalent  discharge  velocity,  c  ,  va  must 
equate  the  right  sidee  of  the  expressions  at  (2.5)  and  (2.7)  to 
sach  other,  and  obtain 

c  „  “  c  *  +  gF  /Gair  (p  -  p  ) 
eq  e  °  a'  VKe  *un' 

and  further,  for  the  effective  efficiencyi  A  v> 

r  2g  Hu 

The  effective  efficiency  takes  into  account  all  the  losses 
that  take  place  during  the  conversion  of  heat  into  kinetic  energy 
in  the  engines 

the  heat  carried  away  from  the  engine  by  the  combuation  pro¬ 
ducts,  which  leave  the  engine  at  a  temperature  considerably  higher 
than  that  of  the  surrounding  medium) 

heat  losses  in  the  combustion  chambers  due  to  incomplete  fuel 
combustion) 

heat  losses  to  the  surrounding  medium  oirectly  through  the 
combustion  chamber  walla,  turbine  housing,  the  walls  of  the  ex¬ 
haust  pipe  and  Jet  nozzle,  as  well  as  the  heat  given  off  to  the 
air  that  cools  the  engine  parts  (turbine  blades,  turbine  wheel, 
etc.),  and  to  the  oil  that  cools  the  engine  bearings) 
energy  consumed  in  driving  the  auxiliaries) 
energy  consumed  in  overcoming  hydraulic  resistance  in  the 
flow  section  of  the  engine,  and  the  friction  in  its  bearings,  which 
in  the  lo#g  run  leads  to  some  increase  in  the  temperature  of  the 
gas  departing  the  engine,  and  in  that  of  the  oil  flowing  through 
its  bearings  and  mechanisms. 

Thus,  the  effective  efficiency  establishes  the  percentage 
of  consumed  heat  converted  into  kinetic,  that  is,  into  the  energy 
of  the  gas  flowing  through  the  engine.  The  effective  efficiency 
describes  the  efficiency  of  a  turbojet  engine  as  a  heat  engine,  so 
from  this  standby  can  in  essence  be  compared  to  the  effective  ef¬ 
ficiency  of  the  reciprocating  engine,  for  example. 

For  existing  turbojet  engines  running  the  ground,  the  heat 
carried  off  by  the  combustion  products  leaving  the  engine  is  65 
to  75  %  of  the  heat  Introduced  into  the  engine  with  the  fuel,  and 
all  other  heat  losses  amount  to  about  3  to  5  £•  Accordingly,  under 

these  conditions  the  effective  efficiency  is  in  the  n e  ■  0.20 

o 

to  0,30  range,  reaching  appreciably  greater  values  under  flying 
conditions  (see  below). 

Propulsion  efficiency  la  the  ratio  of  the  external  work  per¬ 
formed  by  the  engine  thrust  to  the  increase  in  the  kinetic  energy 
of  the  gas  flow  it  picks  up  in  the  engine 

np  ■  PV  /  Galr/3*!  -  v2>  <2-  '2> 

where  PV  is  the  external  work  performed  by  the  thrust  in  flight 
in  one  second,  or  the  engine  power. 
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If  we  establish  the  thrust  through  the  formula  at  (2.7) i  the 


expression 
form  after 


for  propulsion  efficiency 


reduction 


will  be  in  the  following 


or,  after  reduction  by  the  difference  (ce  -  V)l 

(2-13) 

The  external  work  performed  by  the  thrust  and  imparted  to 
the  flying  machine  is  the  direct  result  of  the  use  of  the  kinetic 
energy  acquired  by  the  gas  flow  in  the  engine.  But,  not  all  the 
kinetic  energy  of  the  flow  is  convsrted  into  thrust  work.  Actually, 
the  gas  flow  leaving  the  engine  has  an  absolute  velocity  (the  ve¬ 
locity  relative  to  the  ground)  obviously  equal  to  the  velocity 
difference  (c  -  V).  Consequently,  that  part  of  the  kinetic 
energy  of  each  kilogram  of  gas  leaving  the  engine  not  converted 
into  thrust  work,  that  is,  the  lost  part,  equals 
Propulsion  efficiency  also  takes  this  loss  of  kinetic 
energy  into  account. 

As  will  be  seen  from  the  expression  at  (2.13),  propulsion 
efficiency  is  only  dependant  on  the  discharge  velocity  of  the 
gases  from  the  engine  and  on  the  airspeed.  Propulsion  efficiency 
will  increase  with  reduction  in  this  ratio.  This  is  under¬ 
standable  because  the  closer  the  discharge  velocity,  c#,  approxi¬ 
mate  the  airspeed,  V,  the  lower  the  absolute  velocity  at  which 
the  gas  flow  leaves  the  sngino,  and  the  lees  will  be  that  part  of 
the  kinetic  energy  remaining  unused. 

When  the  gas  discharge  velocity  relative  to  the  engine,  c#, 
equals  the  airspeed,  V,  propulsion  efficiency  equals  unity  be- 
cause  the  absolute  gas  velocity  as  it  l.av.s  th.  angln.,  (c#  -  V), 
equals  zero.  But,  according  to  th.  formula  at  (2.7)  .ngln.  thrust 
becomes  zero. 

When  the  engine  is  running  on  the  ground  and  airspeed  Is 
V  .  0,  th.  propulsion  efficiency  is  n  p  ■  0,  b.c.u*.  no  thrust 
work  is  performed,  and  all  th.  kinetic  energy  of  the  gas  flow  at 
the  engine  outlet  is  unused. 

Thus,  propulsion  efficiency  indicates  how  mu-h  of  th.  kinetic 
•  nergy  acquired  by  the  gas  flow  in  the  engine  is  converted  into 
external  thrust  work.  Propulsion  efficiency  describes  th.  .f- 
ficl.ncy  of  the  turboj.t  .ngln.  as  a  propelling  device,  that  is, 
as  a  device  deslgn.d  to  g.nsrat.  thrust.  Therefore,  th.  pro¬ 
pulsion  efficiency  of  th.  J.t  .ngln.  should  be  compared  to  the 
efficiency  of  an  a.rlal  propeller. 

Th.  propulsion  efficiency,  »lp,  of  .xi.ting  turboj.t  .ngln.. 
ranges  over  broad  limits,  depending  on  alr.p..d,  altitude,  and 
engine  operating  condition.,  but  .s  a  rule  will  not  .xc.d  0.60 
to  0.65. 
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Economic.  or  total,  efficiency  is  the  ratio  of  the  heat  con¬ 
verted  into  external  thrust  work  to  the  heat  consumed,  that  is, 
introduced  into  the  engine  by  the  fuel 

Tlt  -  APV/G^Hu  -  APV/GairH^  (2.14) 

from  whence,  and  based  on  the  nrerading  relationships, 

T)t  "  %% 

Thus,  total  efficiency  equals  the  effective  efficiency  mul¬ 
tiplied  by  the  propulsion  efficiency  and,  thus  takes  into  account 
all  the  energy  losses  listed  above  as  the  chemical  energy  of  the 
fuel  consumed  is  converted  into  external  thrust  work.  Total  ef¬ 
ficiency  establishes  the  percentage  of  the  consumed  heat  converted 
into  external  thrust  work  transferred  to  the  flying  machine,  thus 
completely  describing  the  efficiency  of  an  engine  in  flight. 

The  total  efficiency  of  an  engine  running  at  rest  is  zero, 
because  the  propulsion  efficiency  is  1|  p  ■  0.  The  total  in-flight 
efficiency  of  existing  turbojet  engines  can  have  values  11  t  ■  0.20 

to  0.30. 


.  Specific  Parameters  of  .urbojet  Engines 

The  in-flight  operational  qualities  of  jet  engines  are  most 
conveniently  evaluated  through  specific  parameters. 

The  principal  specific  parameters  of  turbojet  engines  ares 
specific  thrust; 
specific  fuel  consumption; 
specific  weight; 
specific  drag. 


Specific  thrust.  P 


sp 


is  the  ratio  of  the  engine  thrust  to 


the  weight  flow  per  second  of  air  through  the  engine 


P  =  P/G  .  C  k«  ‘  sec/k«  of  alr.7- 

sp  '  air 


(2.16) 


Now,  using  the  formulas  at  (2.6)  and  (2.7),  we  can  write  the 
following  for  specific  thrust 


sp 


if  p„ 


If  V 


V  /  g  +  Fe/Galr  (pe 

i  expansior 
-  V  /  g  . 

Je  • 


P  )  « 
Fun 


p^n  (complete  gas  expansion  in  the  jet  nozzle) 

P 

sp 


(2.17) 

(2.18) 
(2. 19) 


Specific  thrust  can  be  expressed  in  terms  jf  the  effective 
efficiency  of  the  engine  by  establishing  the  discharge  velocity 
of  the  gas  from  the  jet  nozzle  through  the  formula  at  (2.10)  and, 
substituting  the  result  in  the  formula  at  (2.18),  obta.n 

P 


sp  =  V* - - 


and  for  engine  operation  at  rest 


SP. 


V  S.  /I  'V 
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Consequently,  the  specific  thrust  of  a  turbojet  engine  de¬ 
pends  on  its  effective  efficiency,  and  on  the  amount  of  heat 
given  up  to  one  kilogram  of  air  flowing  through  the  engine.  The 
greater  and  ^  the  greater  will  be  the  specific  thrust  of 
an  engine  at  a  given  airspeed. 

But,  the  greater  the  specific  thrust,  the  smaller  will  be 
the  weight  flow  per  second  of  air  through  the  engine  required 
for  a  given  engine  thrust  p,  because  p  *  pspGai  and *  conse¬ 
quently  the  smaller  the  diametric  dimensions  and  weight  of  the 
engine,  all  other  conditions  being  equal. 

Specific  fuel  consumption.  C^,  is  the  ratio  of  the  fuel 
consumption  per  hour  for  an  engine  to  i*s  thrust, 

C  *  G _  /p  /“kg /kg  of  thrust  hour,/  (2.20) 

p  1  hr 

Specific  fuel  consumption  for  a  turbojet  engine  can  be  ex¬ 
pressed  in  terns  of  specific  thrust,  based  on  the  following  re¬ 
lationships.  It  is  obvious  that 

C  a  G*  /P  G  .  ■  3600  G  _/P  G  .  , 

sp  fhr  sp  air  f  aP  air 

where  G^.  and  0^^  are  the  weight  flows  per  second  of  fuel  and 
air,  respectively. 

But,  the  ratio  of  fuel  consumption  to  e-r  flow  is 

VGalr  * 

so  we  can  finally  write 


Spec  if ic 
f ic iency 


Now 

formula 


C  -  3600/a  1  P  . 
sp  '  o  sp 

fuel  consumption  is  also  associated  with  engine 

.  In  fact,  from  the  formula  at  (2.14) 

P  *  H  r)  .  /a  1  AV . 
sp  u  t'  o 

,  after  substituting  this  expression  for  in 

at  (2.2 1),  we  obtain  _  vm/. r 

7/~- 


ef- 


thr 


(2.21) 


(2.22) 


from  whence  it  follows  that  specific  fuel  consumption,  ,  des¬ 
cribes  the  thermal  efficiency  of  an  engine  in  flight  only  lor  a 
given  airspeed. 

Specific  fuel  consumption  is  an  important  operational  mag¬ 
nitude.  Ml  other  conditions  being  equal,  the  smaller  C  the 

s  p 

greater  will  be  the  aircraft *s  range  and  flying  time. 

Specific  engine  weight.  Ven»  the  ratio  of  engine  weight, 

G  ,  to  Its  maximum  thrust 
en 

v  „„  *  Cen/P  £k/*K  of  thrunt_7  •  (2.23) 


The  lower  specific  engine  weight,  the  lower  the  weight  of 
the  engine  installation  for  a  specified  amount  of  thrust,  and 
this,  in  turn,  ran  to  a  cons iderahle  degree  be  reflected  in  such 
Important  aircra't  ditn  as  ceiling,  payload,  range,  and  speed. 
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Specific  drag .  Pdrag*  ifl  the  ratio  of  maximum  engine  thrust 
to  the  area  of  its  greatest  cross-section 

P.  -  P/F .  /kg/m2  (2.24) 

Specific  drag  indirectly  characterizes  the  aerodynamic  drag 
of  the  engine  installation  in  flight.  The  greater  the  specific 
drag,,  the  smaller  the  percentage  of  engine  thrust  expended  in 
flight  in  overcoming  the  drag  caused  by  engine  installation  in 
the  aircraft. 

The  Specific  parameters  for  the  same  type  of  engine  will  change 
with  change  in  airspeed,  altitude,  and  atmospheric  conditions, 
bocanse  thrust,  weight  flow  of  air,  and  fuel  consumption  per  hour 
change  (see  below).  Too,  the  magnitudes  of  the  specific  para¬ 
meters  depend  on  aircraft  operating  conditions.  Therefore,  spe¬ 
cific  parameters  obtained  for  engine  operation  at  rest  (V  *  0), 
on  the  ground  (H  *  0),  and  under  standard  atmospheric  conditions, 
that  is,  at  an  atmospheric  pressure  of  pQ  *  760  mm  mercury  column, 
and  an  air  temperature  of  tQ  «+15°C  (288  K),  are  usually  taken  as 
the  initial  magnitudes.  Given  these  conditions,  existing  turbo¬ 
jet  engines  have  a  maximum  specific  thrust  of  P  =  *>0  to  70  kg  • 

™  P  o 

sec/kg  of  air,  and  a  specific  fuel  consumption  of  C  *  O.76  to 

SP0 

1,10  kg/kg  of  thrust  hour,  depending  on  engine  operating  conditions. 

The  values  for  the  specific  weight  and  specific  drag  for 

modern  turbojet  engines  are  Y  9p  ■  0.2  to  0.4  kg/kg  of  thrust 

and  P.  ■  2500  to  8000  kg/m2  .  °rsspec  t  lvely . 

dr“« 
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CHAPTER  3 

THERMODYNAMIC  PRINCIPLES  0 T  TURBOJET  ENGINE 
OPERATION 

1 «  General  Conalderat Ions 

Let  ua,  In  order  to  develop  and  analyze  the  principal  pro¬ 
perties  and  special  features  of  the  turbojet  engine,  start  out 
by  using  ideal  thermodynamic  cycles. 

An  ideal  cycle  is  understood  to  mean  a  simplified,  condi¬ 
tional  way  of  combining  the  operating  processes  that  take  place 
in  an  engine,  one  that  is  a  closed,  and  reversible,  cycle  con¬ 
sisting  of  highly  simplified  thermodynamic  processes. 

Accordingly,  the  following  simplifying  assumptions  are  made 
for  ideal  eyeless  ait  is  the  working  substance  throughout  the 
cycle;  the  heat  capacity  of  this  air  does  not  depend  on  its 
temperature;  there  are  no  losses  (thermal,  hydraulic,  or  mechan¬ 
ical)  in  any  element  in  the  engine,  with  the  exception  of  the 
necessary  removal  of  heat  to  a  cold  source,  without  which  and  in 
accordance  with  the  second  law  of  thermodynamics,  the  continuous 
conversion  of  heat  into  work  would  be  impossible. 

As  a  result  of  these  assumptions,  all  engine  parameters  in 
the  case  of  the  ideal  cycle  have  limits,  and  the  degree  to  which 
these  same  parameters  for  the  real  engine  approximate  these  limits 
is  what  determines  the  efficiency  of  the  latter. 

The  combustion  stages  in  all  existing  turbojet  engines  (as 
well  as  in  other  types  of  gas  turbine  engines)  are  based  on  the 
thermodynamic  cycles  during  which  heat  is  supplied  at  constant 
pressure.  Realization  of  these  combustion  stages  requires  no 
special  gas  distribution  devices,  and  results  in  a  simple,  re¬ 
liable,  and  quite  efficient  engine  design,  in  which  all  elements 
function  with  the  flow  of  air  and  gar.  continuous  and  steady.  Then 
too,  the  design  of  these  engines  can  be  improved,  if  desired. 

The  simple  cycle  with  adiabatic  air  compression  and  ex¬ 
pansion,  and  the  cycle  with  staged  heat  supply  and  adiabatic  air 
compression  and  expansion,  are  the  principal  thermodynamic  cycles, 
with  heat  supplied  at  constant  pressure,  in  modern  turbojet  engines. 
A  cycle  with  isothermic  air  compression  and  adiabatic  air  expansion 
is  used  in  some  instances  as  the  basis  for  the  turbojet  t  igine 
combust  Lon  stage. 

In  considering  these  cycles  as  applicable  to  gas  turbine 
engines,  one  must  be  aware  of  the  ,;ineti>.  -nergy  of  the  working 
substance,  as  well  as  of  its  potential  energy,  because  its  flow 
velocity  in  the  engine  flow  section  is  quite  high.  With  this  in 
mind,  we  will  take  it  that  the  air  flow  is  stagnated  at  all  points 
in  the  cycles,  with  the  e>.c»>ption  of  their  initial  points  (the 
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external,  unperturbed  air  condition}  that  is,  section  H  H  in 
fig.  13)  and  the end  points  (the  condition  of  the  air,  or  gas, 
at  the  engine  exhaust}  that  is,  section  e  e),  so  that  air  flow 
pressure  and  temperature  are  higher  than  static  pressure  and  tem¬ 
perature,  respectively. 

Moreover,  magnitude,  like  work,  amount  of  heat,  and  kinetic 
energy  will  be  equated  in  all  caaea  t<  one  kg  of  air  flowing 
through  the  engine,  and  it  will  be  aaaumed  that  the  air  expand, 
to  atrooapheric  preaaure  in  the  jet  nozzle. 

In  what  followa  ground  preaaure  and  temperature  of  atmoapheric 
air  will  be  deaignated  by  pQ  and  TQ,  and  at  an  altitude  of  H>0  will 
be  deaignated  by  pH  and  TH- 

Finally,  it  is  appropriate  to  note  that  the  cyclea,  and  the 
baaic  concluaiona  conaidered  and  arrived  at  in  this  chapter  can 
also  be  applied  to  turboprop  and  dual-flow  turbojet  engines. 

2.  Cycle  with  Heat  Innut  at  Constant  Preaaure  and  with  Adiabatic 
Comnreaaion  and  Expansion 

The  ideal  cycle  with  heat  input  at  constant  pressure  and 
adiabatic  compression  ia  shown  by  the  pv  and  TS  diagrams  in 
figure  22  for  the  case  of  engine  operation  in  flight,  and  in 
figure  23  for  in  situ  engine  operation.  This  cycle  consists  of 
the  fo  .lowing  sequential  processes. 

1.  Air  compression  along  the  adiabat  Hk,  achieved  in  flight 
initially  as  a  result  of  air  stagnation  by  the  engine,  that  is, 
as  a  result  of  the  velocity  head  of  the  meeting  flow  of  air 
(section  Ha),  and  subsequently  in  the  compresnor  (section  ak) . 

2.  The  input  from  without  of  heat  to  tho  air  along  th« 
isobar  kz  in  tha  combustion  chambers. 

3.  Air  expansion  along  the  adiabut-  ze,  initially  in  the 
turbine  (section  z2)  i.ru  subfequen.lv  in  the  Jet  nozzle  (section 
2e).  Point  2  establishes  the  condition  of  the  stagnated  air 
beyond  the  turbine  driving  the  compressor. 

U.  Heat  Q2  given  up  by  the  air  along  the  isobar  eH  (accord¬ 
ing  to  the  second  law  of  thermodynamics)  to  the  cold  source  that 
is  the  surrounding  medium.  This  process,  a  closed  cycle,  is  con¬ 
ditional  for  th.  engine  because  it  actually  takes  place  outside 

engine  and  corresponds  to  the  heat  transfer  from  the  gases 
leaving  the  engine  to  the  surrounding  air. 

In  the  pv  diagrams  all  of  the  work  done  to  compress  the  air, 

L  ,  is  d.pictod  by  the  area  Hk4 1 ,  consisting  of  area  Hal '  1 ,  cor¬ 
responding  to  th.  compression  work  Lcc  done  by  the  velocity  head, 
and  the  ar.a  ak4 1  • ,  corresponding  to  the  compression  work  LJd 
done  in  the  compressor  (fig.  22).  When  th.  engine  is  running  in 
situ  the  compression  work  done  by  th.  velocity  head  obviously 
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equaLa  2ero,  and  the  total  compression  work  In  the  cycle  is  de¬ 
picted  by  area  0k4 1  (fig.  23). 


Figure  22 j  Cycle  with  heat  input  when  p  ■  const 

and  with  adiabatic  compression  ,V  >  O) . 


Fig-  re  23  Cycle  with  p  *  const  when  V  m  0. 

Total  air  expansion  work,  L#x>  Is  depicted  In  the  pv  diagram 
Sy  the  area  t4ze,  consisting  of  area  34z2,  the  expansion  work  done 
i  the  turbine,  and  of  area  3*’el,  the  expansion  work  done  in  the 
jet  nozzle. 

Ince  the  turbine  In  a  turbojet  engine  drives  the  compressor, 
and  If  the  re  are  no  losses,  something  that  Is  characteristic  of  the 
Ideal  cycle,  the  expansion  work  done  in  the  turbine  should  equal 
the  compression  work  done  In  the  compressor  and,  consequently, 
area  34z2  equals  area  ak4 1 1 , 

The  useful  work  done  In  the  cycle,  L,  ,  equals  the  difference 

Lt  .  L  -  L 
t  ex  c 

and  is  depicted  in  the  pv  diagrams  by  the  area  Hkze. 

The  heat,  equivalent  to  the  useful  work  of  the  cycle,  equals 
ALt  1  <*,  -  q2 

and  Is  depicted  by  the  area  Hkze  in  the  TS  diagram.  The  area  lkzZ 
In  the  same  diagram  corresponds  to  the  heat  added  to  the  cycle  Q 
and  the  area  l!le2  corresponds  to  the  heat  removed  from  the  cycle, 

V 

In  a  turbojet  engine,  and  in  accordance  with  its  principle  of 
operation,  the  work  of  the  cycle  goes  to  increase  the  kinetic 
energy  or  the  air  Tlowlng  through  the  engine.  This  can  be  established 
through  the  pv  diagram  In  figuro  22,  based  on  the  following  con¬ 
siderations.  The  total  work  done  during  the  expansion  of  the  air 
from  full  pressure  beyond  the  turbine  p, ,  (point  2)  to  atmospheric 
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pressuref  p^,  (point  e),  and  depicted  by  area  133©,  goes  to  in¬ 
crease  the  kinecic  energy  of  the  air  in  the  jet  nozzle  at  the  ex¬ 
change  of  which  the  air  velocity  equals  c  ,  so  we  can  write 
2  ®t 

o‘  /  2g  a  area  132e. 
et 

Area  i32«j  can  be  represented  in  the  form  of  a  sum  of  areas 

area  132e  ■  r  a  H3'2e  +  area  1'33'a  +  area  11’aH. 

But  the  equality  of  areas  ak4 1 '  and  3**z2,  established  above, 
thaJ:  is,  the  equality  of  the  work  done  by  the  turbine  and  the 
compressor,  also  makes  areas  1‘33'a  and  3*kz2  equal,  and  the  sum 
of  area  H3'2e  ♦  area  J'kz?  »  area  Hkze  *  ,  so 

c I  /2g  =  L,  +  area  11 ' aH . 
t  c 

Since  area  11'aH  is  compression  work  Lcc  done  by  the  velocity 
head,  that  is,  the  result  of  the  kinetic  energy  of  the  meeting 
flow,  V2/2g,  in  the  case  of  complete  stagnation 


f roni  whence  we  also  obtain 


(3.1) 


and,  for  in  situ  operation,  when  V  *  0 

r? 

'•  ’ 

where  c  is  the  velocity  of  the  flow  from  the  jet  nozzle  when 

e  t 

there  are  no  engine  losses,  that  is,  the  ideal  velocity? 
V  is  the  initial  velocity  of  the  air  relative  to  the 

engine,  equal  to  the  airspeed. 

Thus,  the  work  of  the  cycle,  L^.,  in  a  turbojet  engine  can  be 
used  to  accelerate  the  air  flow  throigh  the  engine,  and  thrust  is 
obtained  as  a  direct  result  of  this  process. 

The  efficiency  of  the  ideaL  cycle,  or  the  degree  to  which  the 
heat  input  is  converted  into  useful  work,  can  be  evaluated  by  the 
thermal  efficiency  which  equals  the  ratio  between  the  heat 

converted  into  useful  work,  ,  for  the  ideal  cycle,  and  the  heat 
expended,  Q1 , 

„  _  Oi  -  Q 

■'  i>i  “ 

or 


0,  * 


(3.2) 


For  the  cycle  under  consideration  (equating  all  magnitudes 
to  one  kg  of  uir)  we  can  write 

<T>  -  Q- 


where  c^  is  the  specific  heat  at  constant  pressure. 
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Substituting  these  expressions  in  the  formula  at  (3.2)  t.  and 
converting,  we  obtain 


From  thij  equations  for  the  expansion,  ze,  and  the  compression, 
Hk,  adiabats,  we  have 


however,  p*  «  p*  and  p@ 


On  this  basis. 


T t 

X 


so 


or 


(3.3) 


The  ratio  of  the  total  pressure,  p£,  at  the  compressor  outlet 
to  the  pressure,  p^,  of  the  external,  unperturbed  air,  that  is 
is  called  the  summed  compression  ratio  and  is  one  of  the  most 
Important  turbojet  engine  operating  parameters.  The  summed 
compression  ratio  can  be  represented  by  the  following  product 
.  /*r  P» 

«  =  ~  ft  It 

C  CC 


where 


r„ 

rc-c  ir 


is  the  compressor  compression  ratio; 
is  Che  velocity  compression  ratio; 


is  the  total  air  pressure  at  the 

compressor  inlet  (through  section  a  a). 
The  assumption  for  the  ideal  cycle  is  that  velocity  compression 
(stagnation)  of  the  air,  and  its  flow  through  the  engine  are  loss¬ 
less,  adiabatic.  Therefore,  in  the  ideal  cycle  the  total  pressure, 

P**  at  the  compressor  inlet  equals  the  total  pressure,  p*,  in  the 
a  n 

external,  unperturbed  air,  and  the  velocity  compression  ratio  can 
be  established  through  the  already  known  formula  for  the  pressure 
of  an  adiabatical ly  stagnated  flow 


c'c  =  ^-(l  +  0'-’V' 


where  ■  V/aH  is  the  Mach  number  for  the  flight; 


(3-*) 
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a/r s=:  V'kgRT a  —  is  the  velocity  of  sound  in  an  unperturbed 

atmosphere,  where  the  air  temperature  equals 

T  . 

XH* 

As  will  be  seen  from  the  formula  at  (3.4),  the  velocity 
compression  ratio,  tt  *cc  i  increases  with  an  increase  in  airrpeed, 

V,  when  aH  *  const  (that  is,  ■  const),  as  well  as  with  a  de¬ 
crease  in  the  external  temperature  (that  is,  in  aH)  when  V  ■  const, 
and  consequently  with  an  increase  in  altitude  (so  long  as  tempera¬ 
ture  Tjj  decreases  with  altitude). 

There  is  no  velocity  air  compression  during  in  situ  engine 
operation  (v  •  0  or  Mjj  ■  0),  and  in  accordance  with  the  formula 
at  (3.4),  and  with  no  losses,  tt  *  a  SOf  in  this  case 

and  ’  /# 

(3-5) 

Turning  now  to  the  dependencies  obtained  above  for  the  thermal 
efficiency,  ,  we  can  draw  the  following  important  conclusions 
for  the  cycle  under  consideration. 

1.  The  thermal  efficiency  of  the  cycle  depends  only  on  the 
summed  air  compression  ratio  and  increases  steadily  with  the  in¬ 
crease  (fig.  24)  in  the  ratio,  because  with  an  increase  in  tt*  there 

c 

is  an  increase  in  the  air  ratio  after  heat  Q1  is  added,  and  as  a 
result  the  relative  amount  of  heat,  transferred  to  the  surround¬ 

ing  medium  is  reduced. 

2.  The  thermal  efficiency  increases  with  an  increase  in  air¬ 
speed  and  altitude,  as  well  as  and  only  with  a  decrease  in  the  out¬ 
side  temperature,  because  the  velocity  compression  ratio  and,  con¬ 
sequently,  the  summed  compression  ratio  Increase. 

The  thermal  efficiency  of  compressor  compression  ratios  in 
existing  modern  turbojet  engines  is  ■  O.38  to  0.48,  increasing 
to  TV  »  0.^  to  0.6  and  higher  in  fligh?  (reaching  these  v, slues  at 


the  summed  compression  ratio,  tt*). 

We  note,  for  purposes  of  comparison,  that  aviation  piston 
engines  that  operate  on  the  ideal  cycle  principle  wherein  heat 
input  and  heat  transfer  occur  at  constant  volume,  have  a  thermal 
efficiency  not  in  excess  of  »  0.5  to  0.6  for  compression  ratios 
used  and  this  does  not  depend,  as  we  know,  on  airspeed  and  altitude. 

The  useful  work,  Lfc ,  of  the  cycle  not  only  depends  on  thermal 
efficiency,  bu<  also  on  the  amount  of  heat,  Q1 ,  added  to  the  cycle, 
since  from  the  foregoing  n, 
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The  work  of  the  cycle  Increases  continuously  with  Increase 
in  the  compression  ratloi  n  e,  when  Qj  ■  const,  the  result  of  the 
increase  in  the  thermal  efficiency,  "t .  However,  since 

0, -*rfr,~r)*-e,(r.-T„*;-r), 


the  Increase  in"J  when  Qj  •  const  and  TH  ■  const  will  be  accom¬ 
panied  by  a  simultaneous  increase  in  the  maximum  temperature,  T^, 
of  the  cycle,  that  la,  in  the  temperature  in  front  of  the  turbine. 

However,  if  the  maximum  temporature  of  the  cycle  remains 
constant  with  an  increase  in  the  compression  ratio  "J,  an  increase 
in  thermal  efficiency  will  be  accompanied  by  a  simultaneous  re¬ 
duction  in  the  amount  of  heat,  Qj,  added,  the  result  of  the  rise 
in  temperature  TJ,  when  T#  »  const.  The  result  will  be  an  initial 
increase  in  the  useful  work  of  the  cycle  with  increase  in  the 
compression  ratio,  n£,  when  TJ  ■  const,  caused  by  the  intensive 
increase  in  the  thermal  efficiency,  7t,  reaching  a  maximum  at 
some  optimum  compression  ration#  .  Work  will  then  decrease 
because  the  Increase  in  the  therma?teffic  lency  increases  with  less 
and  less  intensity  (fig.  24)  with  the  considerable  increase  in  n* , 
while  Qj  continues  to  decrease. 

Calculations  show  that 

n*  — 

‘  opt 


What  follows  from  the  foregoing  is  that  the  optimum  summed 
compression  ratio  does  not  depend  on  airspeed  (Mach  number,  M^) 
and  increases  with  increase  in  altitude,  that  is,  with  a  decraase 
in  the  temperature,  TH,  of  the  atmospheric  air.  In  addition,  the 
higher  the  temperature,  TJ,  in  front  of  the  turbine  the  higher  will 

be  tt»  ,  all  other  conditions  being  equal. 
copt 

The  simple  cycle,  with  heat  input  at  constant  pressure  and 
with  adiabatic  compression  and  expansion,  reviewed  here  is  at  the 
basis  of  the  combustion  stage  in  all  presently  existing  turbojet 
engines,  as  well  as  in  other  types  of  aviation  gas-turbine  engines 


/V  ttt/  ii[ 

Figure  2k  Dependence  of  thermal  efficiency 
on  compression  ration*. 
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3.  Cycle  with  Two-Stage  Heat  Input  at  Constant  flaiHt 

The  ideal  cycle  for  a  turbojet  angina  with  two-stage  heet 
Input  at  constant  pressure  and  with  adiabatic  compression  le  de¬ 
picted  by  the  pv  and  TS  diagrams  in  figure  25.  This  cycle  com¬ 
prises  the  following  processes i 

air  compression  along  the  adiabat  Hk  as  a  result  of  the 
velocity  head  and  in  the  compressor! 

first  heat  input,  Qj  ,  along  the  Isobar  kg  in  the  first 
combustion  chamber  ahead  of  the  turbine!  in  the  TS  diagram  this 
heat  is  depicted  by  the  area  1kz2'j 

air  expansion  along  the  adiabat  s2  in  the  turblnef 
second  heat  input,  Q”,  along  the  Isobar  22f  (depicted  in  the 
TS  diagram  by  the  area  2'22f3)  in  the  combustion  chamber  between 
the  turbine  and  the  jet  nozzle) 

final  expansion  along  the  adiabat  2fe  in  the  Jet  nozzle) 
heat  transfer,  Q2,  along  the  isobar  eH  (depicted  by  the  area 
1H«3  in  the  TS  diagram)  to  the  outer  medium. 

The  useful  work,  Lt,  in  the  cycle  under  consideration  is 
depicted  by  the  area  Hk22fe  In  the  pv  diagram,  and  its  heat  equi¬ 
valent  by  the  area  bounded  by  the  outline  with  the  same  desig¬ 
nations  as  in  the  TS-diagram.  In  this  diagram  the  area  1kz22f3 
corresponds  to  the  total  heat  input,  Qj  *  Qj  ♦  Q". 


Figure  25  Cycle  with  two-stage  heat  input. 

The  thermal  efficiency  of  a  cycle  with  two-stage  heat  input 
is  obviously  equal  to 


The  amounts  of  heat,  Q*  and  Q”,  added  in  a  two-stage  cycle, 
are  equal  to 

t\). 

A  detailed  analysis  reveals  that  the  thermal  efficiency  of 
the  cycle  with  staged  heat  input  not  only  depends  on  the  compressor 
compression  ratio  tr*,  but  also  on  the  temperature,  T*,  in  front 
of  the  turbine,  or  on  the  amount  of  heat,  Q|,  and  on  the  tempera¬ 
ture  T*ft  at  the  end  of  the  secondary  heat  input,  Q",  or  on  the 
amount  of  that  heat. 

The  corresponding  calculations  will  permit  drawing  the  fol¬ 
lowing  conclusions  for  the  cycle  with  staged  heat  input. 
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t.  Th.  thermal  efficiency  of  tho  cycle  will  Increase  con¬ 
tinuously  with  lncreaee  in  the  compression  ratio,  it  »,  if  at  the 
same  time  the  condition  that  Q|  .  const  and  Q-  .  const  is  observed 
(curve  2  in  fig.  26),  because  the  amount  of  heat  transferred,  Q  , 
ie  reduced  a.  .  result  of  the  reduction  in  the  end  temperature, 

T#l  of  the  cycle. 

2.  The  thermal  efficiency  has  a  maximum  with  respect  to  n  • 
(curve  2'  in  fig. 26)  when  there  is  an  increase  in  the  compression 
ratio,  Tie,  and  constant  temperatures,  T*,  in  front  of  the  turbine 
and,  T|  ,  in  front  of  the  jet  noxale,  all  other  conditions  being 
equal. 

3.  Thermal  efficiency  decreases  continuously  with  an  increase 
in  temperature,  T|  ,  that  is,  with  th.  amount  of  heat  input,  Q», 
whenns  .  const  anS  TJ  .  const  (fig.  27).  This  effect  of  TJ  (or 
QJ)  on  thermal  efficiency  la  explained  by  the  fact  that  the  heat 
input,  <}J,  is  accomplished  at  reducad  pressure  p?  <  p  ,  so  the 
summed  amount  of  heat,  Q,  «  Qj  ♦  Q-,  increases  at  a  slower  rate 
than  does  the  amount  of  heat,  Q2>  transferred,  th.  result  of  the 
Increase  In  Q", 


nr  y.— —  1  — i _ ; 


-  ~  -w  fcV  ~  j 

Figure  26  Dependence  of  thermal  efficiency  on 

compression  ratio  for  a  two-stage  cycle. 


Legend 1 


Qj  ■  const  and  Q” 


A  more  detailed  analysis  reveals  that  with  all  other  con¬ 
ditions  being  equal,  the  thermal  efficiency  of  the  cycle  under 
consideratirn  increases  with  an  increase  in  airspeed  and  altitude 
(with  a  decrease  in  temperature,  TH) ,  just  as  did  the  efficiency 
of  the  simple  cycle,  because  of  the  increase  in  the  summed  com- 
pression  ratio. 


This  is  the  basis  for  the  conclusion  that  the  cycle  with 
staged  heat  input  is  always  less  efficient,  given  the  same  com 


pression  ratios,  than  is  the  simple  cycle,  that  is,  the  cycle  with 
single-stage  heat  input.  This  can  be  seen,  in  particular,  from 
the  curves  in  figure  26,  where  dashed  curve  1  indicates  the  change 
In  the  thermal  efficiency  of  the  simple  cycle.  One  can  be  per¬ 
suaded  or  this  Tact  by  superposing  both  cycles  in  a  TS  diagram, 
as  was  done  in  figure  25  in  the  case  of  Identical n  »,  for  equal 
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Mount*  of  ho*t  Input  Q,  (area*  1k*22fJ  and  Ik*^  an  aqual) 
and  for  tha  same  Initial  condition*.  A*  will  b*  ***n,  in  thi* 
oa**  th*  staged  cycl*  1*  actually  1***  officiant  than  tha  aimpla 
cycla  (Hk*1a1)t  because  of  the  groat  magnitude  of  heat  transferred, 
Q2  (area  lHa3  ie  larger  than  area  lHe^A).  However,  a*  we  aee, 
the  first  cycle  take*  plac*  at  a  lower  temperature,  T*,  in  front 
of  the  turbine. 

If  the  comparison  of  th*  cycle*  in  question  takes  into  con¬ 
sideration  tha  fact  that  they  have  identical  compression  ratios, 
and  identical  maximum  temperatures  in  front  jf  the  turbine,  the 
advantage  with  respect  to  efficiency  will,  as  before,  go  to  the 
simple  cycle.  This  even  follows  from  the  curves  in  figure  27, 
where  points  1  are  th*  magnitudes  of  th*  thermal  efficiency  for 
th*  simple  cycl*.  But  then  th*  useful  work  of  the  staged  cycle 
proves  to  be  greater  in  this  case  than  the  work  of  the  simple 
cycle,  as  will  be  seen  from  the  diagram  in  figure  25. 

Thus,  the  use  of  the  staged  cycl*  results  in  a  significant 
increase  in  useful  work,  Lt,  and,  consequently,  in  the  specific 
thrust  of  the  engine,  without  increasing  the  temperature  in  front 
of  the  turbine.  This  is  why  the  staged  cycle  is  widely  used 
today  as  the  basis  for  the  combustion  stage  in  turbojet  engines 
(with  afterburner),  despite  the  fact  that  its  efficiency  is  lower 


^  With  Hea^  Input  g * 

Isothermic  Compression 

The  ideal  cycle  with  heat  input  at  constant  pressure  and 
with  isothermic  compression  is  depicted  in  the  pv  and  TS  diagrams 
in  figure  28.  This  cycle  differs  from  the  preceding  ones  in 
that  th*  compression  process  does  not  take  place  along  an  adlabat 
but  along  an  isotherme,  Hk,  and  is  a  simple  diagram  of  the  com¬ 
bustion  stage  for  a  turbojet  engine  with  air  cooling  In  the  com- 
prtitor. 


Figure  28  Cycle  with 


Isothermic  compression. 
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Tha  uaaful  work*  L^,  of  tha  cycle,  and  lta  heat  equivalent' 
ALt,  are  depicted,  respectively ,  by  the  ereea  defined  by  the  con¬ 
tours  Hkze  in  the  pv  end  TS  diagrams. 

The  heat  added  to  the  cycle,  Q)(  le  depicted  by  the  area 
1kz3  In  the  TS  diagram,  and  the  heat  removed,  qJt  ie  depicted 
by  the  area  Iktle}.  Heat  Q2  le  composed  of  heat  (area  2lle3) 
removed  along  the  isobar  He,  and  heat  qj  (area  1kH2)  removed 
during  the  isothermic  compression  process,  Hk. 

Accordingly,  vs  can  writs  the  following  for  the  thermal  ef¬ 
ficiency  of  the  eyelet  _■ 

Sines  the  temperature  is  constant  during  isothermic  compres- 

s  i  on  (t*  «  th  )  *  Q,  -  cr (7*;— r„) « c„r„  («  - 1 ). 


/. 

where  l**  -r- .  , 

‘  H 

The  amount  of  heat  expelled  during  Isothermic  compression 
ia  precisely  equal  to  the  work  of  isothermic  compression  ex¬ 
pressed  in  thermal  units 


*V; 


Wow,  substituting  the  dependencies  for  Qt ,  Q”,  and  Q£  in  the 
expression  for  ,  we  can,  after  simple  transformations,  obtain 


This  expression  is  the  basis  for  the  following  conclusions 
with  respect  to  the  cycle  with  isothermic  compression. 

1.  The  thermal  efficiency  of  the  cycle  depends  on  the 

compression  ratio,  and  on  the  temperature  ratio  6  »  T*/T^  , 

that  is,  on  the  amount  of  heat,  Q^,  added  to  the  cycle, 

2.  The  thermal  efficiency  increases  with  increase  in  the 
compression  ratio,  when  6  *  const,  reaches  a  maximum  for  some 

valued  *  ,  and  then  decreases, 

opt 

This  is  explained  by  the  fact  that  heat  q,*,  expelled  along 
the  isobar  eH,  decreases  with  increase  in  it*,  when  6  ■  const, 
the  result  of  the  reduction  of  the  end  temperature,  Tfi,  of  the 
cycle,  and  that  heat  QJ,  expelled  during  compression,  increases 
simultaneously.  Initially,  the  effect  of  heat  q£  predominates, 
the  expelled  heat,  qo,  ia  reduced  despite  the  increase  in  Q£, 
and  increases.  Then,  because  of  the  significant  increase  in 

n * ,  increase  in  heat  QJ  begins  to  predominate,  resulting  in 

an  Increase  total  expelled  heat,  Q2,  and  is  reduced. 

3.  The  thermal  efficiency  increases  continuously  with  the 
Increase  In  6  (or  T*  ,  when  TH  ■  const),  that  is,  with  an  in¬ 
crease  in  the  amount  of  added  heat,  q,,  when  it*  ■  const.  This 

1  c 

t»  explained  by  the  fact  that  here  the  expelled  heat,  Q2,  in¬ 
creases  at  a  slower  rate  than  the  added  heat,  q(,  becauee  heat 
02  Increases  only  because  of  the  increase  in  q^,  while  its  other 


RA-0 17-68 


6 1 


compon.ru,  Q",  remain*  constant  bacauas  n*  .  conet. 

Divan  tha  aama  compraealon  ratio,  and  any  value  of  t  ,  the 
thermal  efficiency  of  the  cycle  with  l.othermic  compreeeion  is 
always  lower  than  the  efficiency  of  the  eimple  cycle  with  adiabatic 
compraaaion. 

However,  Riven  identical"  *  and  TJ,  the  useful  work  of  the 
cycle  with  isothermic  compression  prove*  to  be  greater  than  the 
useful  work  of  the  simple  cycle  with  adiabatic  compression, 
despite  its  lower  efficiency,  the  result  of  the  greater  amount 
of  heat,  q)t  thus  added  to  the  cycle  with  isothermic  compression 
(greater  by  a  magnitude  proportional  to  the  area  Hkk  in  the 
diagram  in  fig.  28).  * 

A*  a  result  of  the  positive  aepsets  mentioned  above,  the 
cycle  with  isothermic  compression  is  used  in  individual  cases  as 
the  basis  for  the  combustion  stage  in  turbojet  engines  in  which 
compressor  air  cooling  is  by  water  injection  (see  below). 


5.  Cycle  with  Thermal  Regeneration 

Thermal  regeneration  can  substantially  increase  the  effi¬ 
ciency  of  gas  turbine  engine  cycles  without  exceeding  practi- 
cally  permissible  temperatures  and  pressures. 

Thermal  regeneration  is  understood  to  mean  the  use  of  some 
of  the  waste  heat,  Qg,  to  heat  the  compressed  air  fed  into  the 
combustion  chamber  from  the  compressor. 


A  diagrammatic  layout  of  a  gas  turbine  engine  with  thermal 
regeneration  is  shown  in  figure  29.  In  this  engine,  the  air  is 
compressed  in  compressor  1,  and  flows  into  heat  exchanger  2, 
where  it  is  heated  by  the  hot  gases  leaving  the  turbine.  The 
heated  air  then  flows  into  combustion  chamber  3,  into  which  pump 
3  injects  fuel.  Correspondingly,  combustion  products  from  com¬ 
bustion  chamber  3,  after  flowing  through  turbine  4,  the  prime 
mover  oi  compressor  1  and  propeller  6  (or  another  energy  con¬ 
sumer),  flow  into  heat  exchanger  2,  and  from  there  are  discharged 
to  atmosphere  after  giving  up  some  of  their  heat  to  the  compressed 
air.  | —  * - * 


*-  J 

rrP 


Figure  29  Layout  of  a  gas  turbine  engine  with 
thermal  regeneration. 

1  -  compressor*  2  -  heat  exchanger'  3  -  combustion 
chamber*  4  -  turbinei  5  -  pump*  6  -  propeller. 

Figure  30  show*  the  cycle  with  heat  input  when  p  .  const, 
and  with  maximum  possible  thermal  regeneration  in  the  ideal  case, 
that  la,  if  the  compressed  air  has  been  heated  in  the  heat  ex¬ 
changer  to  the  temperature  of  the  combustion  products  at  the 
turbine  exhaust,  and  in  which 
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ok  la  the  air  compression  process  in  the  compressor  along 

the  adiabat! 

kk'  la  the  iaobsrlc  process  of  heating  the  compressed  air 

with  exhaust 
k'z  la  the  process 

isobar | 

ze  is  the  process 

turbinej 

ee '  la  the  cooling 

that  Is,  the 
gases  to  the 
e'O  is  the  process 

medium. 


t  i  .7  4  s 

Figure  30  Cycle  with  thermal  regeneration  in  the 
case  of  adiabatic  compression. 

The  heat  Q  yielded  by  the  exhaust  gases  to  the  compressed 
air  they  are  heating  in  the  heat  exchanger,  is  represented  by  the 
shaded  area  3e'e4  in  the  TS  diagram,  or  what  is  the  same  thing, 
by  the  area  lkk'2.  So  far  as  the  cycles  are  concerned,  this  is 
internal  heat  in  constant  circulation,  as  if  in  a  closed  circle. 

Heat,  Q j ,  added  to  the  cycles  from  the  outside  with  thermal 
regeneration,  is  represented  by  the  area  2k' z4  in  the  TS  diagram. 

The  heat  not  used  in  these  cycles  (after  subtraction  of  heat 
q  ),  that  is,  heat  Q2  expelled  to  a  cold  source  (external  medium) 
in  accordance  with  the  second  law  of  thermodynamics ,  is  represented 
by  the  area  10e'3. 

Without  studying  cycles  with  thermal  regeneration  in  detail, 
let  us  use  two  examples  to  show  that  regeneration  increases  the 
thermal  efficiency  of  the  gas  turbine  cycle. 

Let  us  assume  that  a  cycle  with  thermal  regeneration  in  the 
case  of  adiabatic  compression,  and  a  cycle  of  the  same  type,  but 
without  thermal  regeneration,  have  identical  initial  conditions, 
equal  compression  ratios,  and  maximum  temperatures.  Obviously, 
these  conditions  will  result  in  complete  coincidence  between  all 
points  of  the  cycles  being  compared,  to  the  cycle  okze,  depicted 
in  the  diagram  in  figure  30,  will  be  the  cycle  with  thermal  re¬ 
generation  and  the  cycle  without  regeneration,  at  one  and  the 
same  time.  The  useful  work  of  both  cycles  (with  and  without  re¬ 
generation)  can  be  measured  by  the  same  area,  okze.  However,  in 
the  cycle  with  thermal  regeneration  the  consumed  heat  Q1#  measured 


gases  in  the  heat  exchanger! 
of  external  heat,  Q^,  input  along  the 

of  adiabatic  expansion  of  gases  in  the 

of  the  waste  gases  in  the  heat  exchanger, 
isobar  of  the  heat  output,  Q^,  from  the 
compressod  air  being  heated! 
of  yielding  heat,  Q2,  to  the  external 
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by  the  area  2k'z4,  la  laaa  than  It  la  in  tha  cycla  without  re¬ 
generation,  In  which  la  measured  by  tha  area  1kz4.  Tha  ob- 
vloua  conclualon  la  that  tha  tharmal  afflclancy  of  the  cycla  with 
tharmal  regeneration  la  higher  than  that  of  tha  cycla  without  re¬ 
generation. 

Va  will  arrive  at  tha  same  conclualon  If  we  compare  cyclaa 
with  adiabatic  compraaaion  under  Identical  Initial  conditions, 
equal  compraaaion  ratios,  and  equal  amounta  of  Input  heat  Qj  t 
which  la  equivalent  to  equality  in  the  areaa  1kz4  and  2k'Zj5  in 
figure  31.  Aa  will  be  seen,  In  thia  case  the  uaeful  work  in  the 
cycle  with  thermal  regeneration,  corresponding  to  the  area  okZjSj, 
la  greater  than  it  la  in  the  cycle  without  regeneration,  okze. 

But  a  greater  magnitude  of  uaeful  work  in  the  cycle  for  the  same 
amount  consumed  heat  alao  results  in  higher  thermal  efficiency. 


Figure  31  Compariaon  of  a  cycle  with  thermal 
regeneration. 

The  amount  of  heat,  Q^,  that  can  be  communicated  to  the  air 
in  the  heat  exchanger  will  be  greater  the  greater  the  difference 
between  the  temperature  of  the  combustion  products  leaving  the 
turbine,  Te,  and  the  temperature  of  the  air  leaving  the  com¬ 
pressor,  •  Obviously,  thermal  regeneration  ic  Impossible  if 
these  temperatures  are  equal. 

The  temperature  of  the  compressed  air  in  an  engine  with 
compressor  cooling  is  lower,  for  the  same  ratio  of  pressure  in¬ 
crease,  than  it  is  in  an  engine  with  an  uncooled  compressor. 
Therefore,  if  the  temperature  of  the  combustion  products  at  the 
turbine  exhaust,  Te,  is  identical  in  both  cases,  a  greater  degree 
of  thermal  regeneration  is  possible  in  the  first  engine  than  in 
the  second. 

Thermal  regeneration  in  engines  with  uncooled  compressors 
is  limited  by  the  fact  that  for  a  constant  magnitude  of  the 
temperature  in  front  of  the  turbine,  T^,  the  temperature  dif¬ 
ference  T  -  T  wll  decrease  with  increase  in  the  compression 
ratio  because  of  the  rise  in  temperature  Tq  and  the  drop  in 
temperature  T#.  At  some  predetermined  value  for  the  compression 
ratio  this  temperature  difference  equals  zero,  and,  generally 
speaking,  precludes  the  possibility  of  using  thermal  regeneration. 

Detailed  calculations  show  that  in  aviation  gas  turbine 
engines  with  uncooled  compressors  with  low  temperatures  in  front 
of  the  turbine,  T*  ■  1050°  to  1150°K,  thermal  regeneration 
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btcomi  impossible  when  the  compression  ratio  In  tho  compressor 
ntchain*  ■  9  to  10. 

But,  if  tho  conpraiiion  ratio  1*  low  (  ti*  *  3  to  3),  oon- 
■idorablo  thermal  regeneration  ia  poaaibla,  and  can  incraaaa  tha 
efficiency  of  thaaa  engines  to  approximately  23  to  20  £  if  tha 
internal  hydraulic  raaiatanca  of  tha  haat  exchanger  ia  aufficiant- 
iy  low. 

Tha  uaa  of  a  haat  exchanger  incraaaaa  tha  weight  and  alza  of 
tha  powar  plant  aa  a  whola.  Thia  la  not  daciaiva  for  atationary 
gaa  turbine  enginaa,  ao  tharnal  regeneration  ia  uaually  uaad  in 
thee*  enginaa,  and  a  vary  algnlflcant  economic  effect  raaulta 
whan  uaa  ia  in  conjunction  with  compreeaor  cooling. 

Tharnal  regeneration  in  aviation  gaa  turbine  engines  can  be 
dealrable,  but  only  whan  tha  aaving  in  fuel  la  auch  aa  to  warrant 
tha  Incraaaa  in  angina  weight,  while  at  the  aama  time  lncraaelng 
aircraft  range  or  payload  for  a  apecified  range,  all  other  con- 
dltlons  being  equal. 

The  difficulties  involved  in  building  heat  exchangers  with 
the  required  heat  exchange  aurface  and  low  internal  reaiatance, 
light  in  weight,  and  email  in  alze,  aa  wall  aa  with  reapect  to  the 
limited  poaaiblllty  of  thermal  regeneration  in  the  caeo  of  the  un¬ 
cooled  compreeaor,  hamper  the  uaa  of  thermal  regeneration  in 
aviation  gaa  turbine  englnea. 

6-  The  Beal  Turbo  jet  Engine  Cycle 

The  real,  or  combuation  stages  in  all  elements  of  a  turbojet 
engine  take  place  in  the  presence  of  hydraulic  resistances  and  of 
heat  exchange  between  the  air  and  the  combuation  products  flow¬ 
ing  through  the  engine  and  the  outside  medium.  At  the  same  time, 
the  temperature,  and  the  change  in  the  chemical  composition 
(during  the  combustion  process)  of  the  working  aubstance,  also 
have  an  effect  on  the  engine's  thermal  capacity.  Therefore,  the 
nature  of  the  change  in  the  parameters  for  the  state  of  the  gas- 
air  flow,  the  absolute  values  of  these  parameters,  and  the  end 
results  of  the  processes  in  a  real  turbojet  engine,  and  in  the 
ideal  cycle,  which  is  at  the  basis  of  the  combustion  stages  in 
the  engine,  are  considerably'  different. 

The  sequential  change  that  tekes  place  in  the  parameters 
for  the  state  of  the  gas-air  flow  in  a  real  turbojet  engine  can 
be  conventionally  depicted  by  the  pv  and  TS  diagrams.  The  set  of 
thermodynamic  processes  obtained  as  a  result  is  called  the  real 
engine  cycle,  depicted  by  the  contours  Hakze  in  figure  32.  Here 
the  ideal  cycle,  with  heat  input  when  p  ■  const  and  adiabatic 
compression  with  the  same  compression  ratio  and  amount  of  heat 
inpur  as  for  the  real  cycle,  is  indicated  by  the  dotted  outline 
for  purposes  of  comparison. 
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Ths  real  cycle  of  an  in-flight  turbojet  engine  is  composed 
of  the  following  mein  processes  (fig*  32)  t 

air  compression  along  a  polytrope  because  of  the  velocity 
head)  this  process  is  represented  by  the  curve  Ha; 

air  compression  in  the  compreeaor  along  the  polytrope  aKj 
the  combustion  process  kz  at  a  somewhat  reduced  pressure 
(see  below) | 

expansion  of  the  combustion  products  in  the  turbine  along 
the  polytrope  z2| 

expansion  of  the  combustion  products  in  the  jet  nozzle  along 
the  polytrope  2e| 

the  closed  isobaric  process,  eH,  corresponding  to  the  dis¬ 
sipation  into  the  surrounding  medium  of  the  heat  carried  away 
by  the  combustion  products  leaving  the  engine;  this  process 
takes  place  outside  the  engine. 

In  the  real  cycle  the  total  work  of  polytropic  expansion  of 
the  combustion  products  is  depicted  by  the  area  5kzel  in  the  pv 
diagram  (fig.  32)  and  is  made  up  of  the  work  of  expansion  in  the 
combustion  chambers  (area  5kz4),  in  the  turbine  (area  4z23)*  and 
in  the  jet  nozzle  (area  32el). 


Figure  32  The  real  turbojet  engine  cycle 

The  total  work  of  air  compression  can  be  depictod  by  the 
area  5kH1.  In  flight  this  work  is  equal  to  the  sum  of  the  work 
of  ram  compression  (area  1'aHl)  and  polytropic  compression  in 
the  compressor  (area  5kal‘)»  and  for  engine  operation  in  situ  it 
equals  the  work  of  compression  in  the  compressor. 

The  useful,  or  internal  work  of  a  real  cycle,  L^,  is  equal 
to  the  difference  between  the  total  work  of  polytropic  expansion 
of  the  combustion  products  in  the  engine,  and  the  total  work  of 
air  compression. 

The  internal  work,  L^,  is  depicted  by  the  area  Hakzell  in 
the  pv  diagram,  and  its  thermal  equivalent,  AL^,  by  the  area 
with  the  same  designations  in  the  TS  diagram. 

The  heat  delivered  to  the  air  during  the  combustion  r  >  ocess 
in  the  real  cycle  and  leading  to  an  increase  in  its  enthalpy,  is 
depicted  by  the  area  1'kz3  in  the  TS  diagram,  while  the  heat 
carried  away  from  the  engine  into  the  surrounding  medium  with 
the  combustion  products  is  depicted  by  the  area  tHe4  (fig.  32). 

Moreover,  area  3z2e4  in  the  TS  diagram  is  the  heat  absorbed 
by  the  gas  during  its  expansion.  This  heat  is  equal  to  the 
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difference  between  the  heat  equivalent  to  the  work  of  hydraulic 
resistances  in  the  turbine,  exhaust  pipe,  and  jet  nozzle,  and 
the  heat  transferred  from  the  gas  to  the  outside  medium  through 
the  walls  of  these  engine  elements.  Accordingly,  area  IHkl*  is 
the  heat  absorbed  by  the  air  as  it  is  compressed  in  the  compressor. 
This  heat  is  equal  to  the  difference  between  the  heat  equivalent 
to  the  work  of  the  hydraulic  resistances  in  the  compressor,  and 
the  heat  given  off  to  the  atmosphere  through  the  compressor 
housing. 

Designating  the  total  work  of  polytropic  expansion  of  one 

kilogram  of  combustion  products  by  L  ,  and  the  total  work  of 

P  ® 

compression  of  one  kilogram  of  air  by  Lfc  c,  and  taking  into 
consideration  the  fact  that  one  kilogram  of  burned  fuel  contains 
alfl  kg  of  air  and  (l  +  aiQ)  kg  of  combustion  products,  we  can 
write  the  following  for  the  internal  work,  L^,  of  the  cycle, 
equated  to  1  kg  of  fuel 

Lt  .  (1  +  alo)  Lpm  -  cuoL 


*  o  t  c  * 


After  dividing  this  expression  by  alQ,  we  obtain  the  in- 
ternal  work,  equated  to  1  kg  of  air  flowing  through  the  engine 


i|=::ipe  £tc' 

The  internal  work  done  by  a  turbojet  engine  goes  to  in¬ 
crease  the  kinetic  energy  of  the  gas-air  flow  through  the  engine 
and,  in  addition,  is  partially  expended  in  overcoming  the  hydraulic 
resistances  in  all  engine  elements,  friction  of  the  end  surfaces 
of  compressor  and  turbine  wheels  and  the  air  and  gas,  friction  in 
the  bearings,  and  driving  the  auxiliaries. 


expended  on  all  of  the  resistances  indicated  above,  we  obtain 
the  effective  work  as 


The  effective  work  done  in  a  turbojet  engine  goes  in  full 
to  the  increase  in  the  kinetic  energy  of  the  gas-air  flow  through 
the  engine.  On  this  basis,  we  can  write  the  following  energy 
relationship 


L.= 


(3.6) 


where  is  the  effective  work,  equated  to  1  kilogram  of  air 

flowing  through  the  engine  (assuming  L±^>~ j  ). 

°'o 

For  engine  operation  in  situ,  when  V  *  0,  we  obtain 


L.  = 


2/r  ■ 
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The  expression  at  (3*6)  provides  the  velocity  at  which  the 
gas  flows  from  the  jet  nozzle 

C,~VW; TW. 

We  can  therefore  write  the  specific  thrust  in  the  form 

p.p  -  -tp-va 

and  for  in  situ  operation 

p-p„  ' 

Thus,  the  effective  work  done  in  the  real  turbojet  engine 
cycle  is  used  only  to  create  reactive  thrust. 

The  efficiency  of  the  real  turbojet  engine  cycle  evaluates 
its  effective  efficiency,  rtft,  which  takes  into  consideration,  as 
was  explained  earlier,  all  the  losses  incurred  during  the  con¬ 
version  of  the  heat  contained  in  the  fuel  into  the  kinetic  energy 
of  the  gas -air  flow  through  the  engine,  that  is,  into  effective 
work,  1.^.  Consequently,  on  the  basis  of  the  dependencies  obtained 
earlier,  we  can  write 


At.,, 

n'~' 


(3.7) 


Losses  in  the  real  cycle  always  result  in  a  lower  effective 
efficiency,  T|^,  for  a  given  compression  ratio,  than  the  thermal 
efficiency,  of  the  ideal  cycle.  Therefore,  L0  <  Lt  for  the 

same  amount  of  delivered  heat. 
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CHAPTER  4 

TURBOJET  ENGINE  INLETS 

1 .  Air  Compression  at  the  Enpine  Inlet  By  the  Ram  Effect 

The  inlets  of  turbojet  engines,  as  well  as  those  of  other 
types  of  aviation  gas  turbine  engines,  are  used  to  obtain  pre- 
compression  of  the  air  by  the  ram  effect  and  then  deliver  the 
air  to  the  compressor. 

The  inlets,  usually  referred  to  as  inlet  diffusers,  must 
prov ide  t 

minimum  loss  in  the  case  of  stagnation  (ram  compression) 
of  the  meeting  flow  of  air) 

minimum  hydraulic  losses  in  the  diffusor  flow  section) 
an  adequately  uniform  velocity  field  at  the  compressor  inlet) 
the  weight  flow  of  air  required  by  the  engine  under  all 
possible  operating  conditions) 

stable  operation,  that  is,  operation  without  flow  separa¬ 
tions  and  pressure  pulsatLons,  under  all  operating  conditions) 
a  minimum  of  external  drag. 

After  passing  through  the  inlet,  the  air  enters  the  com¬ 
pressor,  which  has  stagnation  temperature  T* ,  stagnation  pressure 
p*,  and,  correspondingly ,  actual  temperature  Tft,  and  static 
pressure  pQ,  across  its  inlet  section. 

When  we  determine  the  air  stagnation  temperature,  TJ,  at 
the  compressor  inlet,  we  can  completely  disregard  heat  exchange 
with  the  external  medium,  because  it  is  insignificant.  In  this 
case,  as  we  know,  we  can  only  establish  a  temperature  increase 
by  a  reduction  in  air  velocity,  and  this  increase  does  not  depend 
on  the  magnitude  of  the  losses  when  there  is  air  flow  stagnation. 
Therefore,  the  air  stagnation  temperature,  T*,  at  the  compressor 
inlet  is  practically  equal  to  the  external  air  stagnation  tem¬ 
perature  T*. 

Temperature  T*  can  be  expressed  in  terms  of  the  Mach  number, 
M^,  at  the  compressor  inlet 

u,:a \*\  (4.  i) 

where  T*  «  T*. 

a  H 

The  actual  air  temperature  at  the  compressor  Inlet  can  be 
established  through  the  formula  at  (  1.23, a) 


where  cr  is  the  air  velocity  at  the  compressor  inlet. 

For  in  situ  engine  operation,  T„  *  T  ,  so  T*  *  T  and,  con- 

’Ho*  a  o  * 

sequent ly 


(*.3) 
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Stagnation  pressure.  p»,  at  the  compressor  Inlet  1.  always 
U»  than  th.  stagnation  pr.s.ur.  pg.  that  would  be  present  in 
the  case  of  adiabatic  (loa.lea.)  air  stagnation  for  a  given  Mach 
number  M,,,  that  is,  when  k  .  1.4 

/>;  =  w'« = W’/<  (i  +  0,2m;,/'’,  < u  • 4  > 

is  a  factor  that  takes  into  consideration  all 
pressure  looses  in  the  case  of  ram  compression 
in  the  inlet,  or  the  so-called  stagnation 
pressure  recovery  factors 

Correspondingly,  the  ram  air  compression  ratio,  with  inlet 
loss  taken  into  consideration,  will  equal 

(<*.5) 


where 


a  .  <1 

In 


When  engine  operation  is  in  situ  MH 


0P  so 


ram 


r„ 

1 


(4.6) 


Static  pressure,  pa,  at  the  compressor  inlet  can  be 
established  through  the  adiabat  equation 

from  whence,  and  reminded  that  p*  -  O^pfl  TJ  -  TJJ,  and 

using  the  formula  at  (4.3),  «  obtain 


A- 


,  !>)  (  1 - iL-)3' 

"l  20017-;^ 


(4.7) 


and,  correspondingly,  for  in  eitu  operation 

The  velocity,  c  .  at  th.  compressor  inlet  is  assigned  when 
the  engine  is  designed  and  is  based  on  th.  required  di.metrial 
dimensions  and  weight  for  the  compressor,  while  taking  into  con¬ 
sideration  the  effect  of  the  velocity,  c,  (Msch  number  M.),  on 
compressor  capacity  and  efficiency.  In  modern  turbojet  engines 
at  the  design  point,  c,  -  180  to  ZOO  m/.ec,  and  higher. 

When  the  engine  is  installed  in  the  aircraft,  the  engine  in¬ 
let  section  proper  i.  often  preceded  by  air  feeders  that  are  part 
of  the  aircraft  structure  (when  the  engine  is  located  in  the 
fuselage),  or  that  are  fenced  by  special  housing-fairings  when 
the  engine  is  located  in  the  wing,  or  under  the  wing,  etc.), 
hydraulic  lose.,  incurred  in  these  feeders  differ  from  aircraft 
to  aircraft  of  different  types  and  designs,  eo  pressure  losses  in 
the  aircraft  air  feeders  are  disregarded  in  the  engine  design, 
but  are  taken  into  consideration  separately  when  fitting  the 
engine  to  a  specific  aircraft. 
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2 .  Simgle^Inl^e^s. 

Simple  inlets,  often  referred  to  as  subsonic  diffusers,  are 
used  at  subsonic  airspeeds.  Their  layouts  are  shown  in  figures 
33  and  3**«  In  order  to  reduce  losses  during  ram  compression,  sub* 
sonic  diffusers  are  shaped  in  such  a  way  that  stagnation  of  the 
meeting  air  takes  place  completely,  or  partially,  before  the  air 
enters  the  diffuser,  that  is,  in  front  of  it.  All,  or  a  con¬ 
siderable  part  of  the  internal  duct  in  these  diffusers  is  directly 
butted  to  the  compressor,  and  is  slightly  convergent.  The  ratio 
between  areas,  Ffl/F^,  usually  equals  0.75  to  O.85.  As  a  result, 
the  air  picks  up  some  acceleration  inside  the  diffuser  and  this 
lends  itself  to  there  being  a  more  uniform  velocity  field  at  the 
compressor  inlet  and  to  a  reduction  in  hydraulic  losses.  The  in¬ 
take  lips  of  these  diffusers  are  smoothly  rounded,  providing  for 
a  flow  with  extremely  small  losses  under  all  engine  operating  con- 


Figure  33  Flow  diagram  in  a  subsonic  inlet  diffuser 
when  V  ■  0. 

When  the  engine  is  running  in  situ  (fig.  33)  the  air  velocity 
in  front  of  the  inlet  diffuser  increases  gradually,  the  result  of 
the  compressor  suction  effect,  rising  from  zero  outside  the  dif¬ 
fuser,  that  is,  at  the  boundary  of  the  air  undisturbed  by  com¬ 
pressor  operation  (section  H  H),  to  some  velocity,  c^,  at  the 
compressor  inlet  (section  a  a).  Since  no  external  energy  is 


~  .  ■  ‘7"  '  <  f-  “ 

Figure  3**  Flow  diagrams  in  a  subsonic  diffuser  in 


the  case  of  subsonic  flight. 

In  subsonic  flight  (M^j  <  l),  when  airspeed  V,  is  greater 
than  velocity  ^  across  the  initial  section,  a'a',  of  the  inlet 
diffuser  (fig.  3**),  ram  air  compression  (stagnation),  causing 
the  increase  in  air  pressure  and  temperature,  takes  place  in 
front  of  the  diffuser,  outside  it  (before  section  a'a')  and 
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beginning  at  the  free  air  boundary*  HH.  Thia  external  ram  com¬ 
pression  is  practically  lossless.  The  air  then  enters  the  in¬ 
ternal  contracting  duct  in  the  diffuser,  where  its  velocity  in¬ 
creases  somewhat,  beginning  at  section  a'a*  and  ending  at  the 
compressor  inlet.  There  is  a  corresponding  reduction  in  pressure 
and  temperature  (fig.  34  a).  If  the  contracting  section  of  the 
diffuser's  internal  duct  is  preceded  by  a  divergent  section,  ram 
compression  will  terminate  in  this  section  of  the  internal  duct, 
as  shown  schematically  in  figure  34  b.  The  pressure  losses  due 
to  ram  air  compression  are  small  during  subsonic  flight  because 
they  are  caused  only  by  the  hydraulic  resistances  in  the  inlet 
ducts  of  the  inlet  assombly,  or  o  rf  *  ^*95  to  0.98,  where 

c  ^  is  the  stagnation  pressure  recovery  factor  in  these  ducts. 

In  supersonic  flight  (Mh  >  l)  b  shock  wave  with,  generally 
speaking,  a  curved  front  (fig.  35),  forms  at  some  distance  before 
the  subsonic  diffuser  under  discussion.  However,  experience  shows 
that  that  section  of  the  shock  front  intersected  by  the  air  flow 
subsequently  entering  the  engine  is  practically  perpendicular  to 
the  flow;  there  is  a  normal  shock  wave  (shock  section  1  1  in 
fig.  35).  The  air  velocity  becomes  subsonic  immediately  at  this 
shock,  and  this  is  accompanied  by  a  shock-type  increase  in  pres¬ 
sure  and  temperature.  Consequently,  there  is  a  subsonic  flow  of 
air  between  the  shock  front  and  the  inlet  diffuser,  and  its  sub¬ 
sequent  flow  schematic  remains  the  same  as  that  reviewed  above. 


Figure  35  Flow  diagram  in  a  subsonic  diffuser  in 
supersonic  flight 

When  the  supersonic  air  flow  stagnates  some  of  its  kinetic 
energy  is  irreversibly  converted  into  heat  at  the  shock  wave  and 
is  not  used  to  increase  the  air  pressure.  Therefore,  beyond  the 
shock  wave  the  stagnation  pressure  pj  (and,  correspondingly, 
static  pressure  pc),  is  always  lower  than  pressure  pg,  which 
would  have  been  obtained  for  the  same  reduction  in  flow  velocity 
if  there  were  no  shock  wave,  that  is  for  the  case  of  conventional 
adiabatic  (lossless)  flow  stagnation.  This  is  why  the  stagnation 
pressure  recovery  factor,  ,  at  the  shock  wave  is  always 
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less  than  unity .  The  higher  the  supersonic  flow  velocity,  or 
the  larger  the  flight  Mach  number,  M^,  with  respect  to  unity, 
the  more  intensive  the  normal  shock,  and  the  greater  will  be 
that  part  of  the  kinetic  energy  converted  into  heat.  As  a  re¬ 
sult,  the  loss  in  stagnation  pressure  at  the  shock  increases 
with  increase  in  the  flight  Mach  number  M^,  while  the  coefficient 

o  decreases.  It  is  obvious  that  when  there  is  a  shock  wave, 

c 

the  pressure  loss  involved  in  ram  compression  at  the  engine  inlet 
will  be  established  by  the  product  °^n  *  °c  * 

Curve  1  in  figure  36  shows  the  dependence  of  the  stagnation 
pressure  recovery  factor  at  the  normal  shock  on  the  flight  Mach 
number  M^.  As  will  be  seen,  the  factor  decreases  rapidly 
with  an  increase  in  the  Mach  number,  M^,  and  that  when  m  2.5 
it  is  O.5.  This  means  that  when  MH  «  2.5i  stagnation  and  static 
air  pressures  at  the  engine  inlet  (after  the  normal  shock)  will  be 
approximately  half  what  they  would  be  in  the  case  of  adiabatic 
stagnation  of  a  supersonic  flow,  that  is,  when  there  is  no  normal 
shock  wave  in  the  flow. 


Figure  3 6  Dependence  of  the  loss  in  stagnation 

pressure  on  the  flight  Mach  number,  M^, 
for  different  types  of  inlet  diffusers 

The  loss  in  pressure  at  the  normal  shock  wave  is  comparatively 
small  (  0  ■  0.92  to  0.93)  in  the  case  of  relatively  slow  super¬ 
sonic  speeds,  that  is,  when  «  1.4  to  1.6.  This  is  why  the 
simple  subsonic  inlets  reviewed  above  are  used,  but  with  tapered 
inlet  lips,  for  aircraft  with  these  airspeeds  as  well  as  for  sub¬ 
sonic  aircraft. 

3 .  Supersonic  Inlet  Diffusers 

Special  inlets,  called  supersonic  diffusers, must  be  used 
at  high  speed  supersonic  flights  in  order  to  reduce  the  signi¬ 
ficant  pressure  losses  characteristic  of  air  stagnation  at  a 
single,  normal  shock  wave.  These  diffusers  cause  air  stagnation 
by  multiple  oblique  shock  waves  which,  for  a  given  flight  Mach 
number  »  1,  is  accompanied  by  significantly  smaller  pressure 
losses  than  those  encountered  in  the  case  of  stagnation  of  this 
flow  at  a  single,  normal  shock  wave.  The  greater  the  supersonic 
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airspeed,  and  the  number  of  oblique  shocks,  the  greater  will  be 
the  gain  obtained  in  the  magnitude  of  the  ram  compression  ratio, 
as  with  the  compression  at  a  single,  normal  shock. 

Supersonic  diffusers  used  in  turbojet  engines  are  designed 
in  the  form  of  an  axi symmetrical  duct  with  sharp  inlet  lips,  in¬ 
side  which  there  is  a  central  cone  with  a  straight  or  broken-line 
generatrix  or  one  in  the  form  of  a  flat  duct  formed  by  two  asymmet¬ 
rical  wedges,  the  larger  of  which  performs  the  same  function  as 
does  the  central  cone  in  the  axisymmetrical  diffuser,  depending  on 
the  location  of  the  engine  in  the  aircraft. 

Diagrammatic  layouts  of  axisymmetrical  supersonic  diffusers 
with  one  and  two  incident  shocks  are  shown  in  figure  37,  and 
those  of  flat  supersonic  diffusers  with  two  and  three  oblique 
shocks  are  shown  in  figure  38 «  The  oblique  shocks  formed  by  the 
tip  of,  and  the  breaks  in,  the  central  cone,  or  by  the  upper  wedge, 
are  indicated  in  figures  37  and  38  by  the  straight  lines  Oa ' ,  ba * , 
and  ca',  and  their  angles  of  inclination  to  the  longitudiaal  axis 
of  the  diffuser  are  designated  by  a.  Air  velocity  remains  super¬ 
sonic  with  respect  to  the  engine  after  these  multiple  incident 
shocks.  Further  reduction  in  air  velocity  to  subsonic  takes 
place  in  a  complicated,  and  little-studied  system  of  primary  and 
reflected  shocks  also  located  inside  the  diffuser  duct.  In  order 
to  simplify  research  and  design,  this  system  of  shocks  is  usually 
replaced  by  a  single,  weak,  normal  breakdown  shock  wave,  shown  by 
the  wavy  lines  a'd,  bd,  and  dc  in  these  diagrams.  Practical  ex¬ 
perience  shows  that  this  substitution  is  completely  acceptable. 


with  one  and  two  oblique  shocks 


The  operational  design  point  for  a  supersonic  inlet  diffuser 
is  that  point  at  which  conditions  are  such  that  the  front  of  the 
first  external  oblique  shock  formed  by  the  tip  of  the  central 
cone  (the  first  external  shock)  touches  the  leading  edge  of  the 
cowling  as  shown  in  figures  37  and  38,  which  show  the  air  flow 
diagrams  for  the  operational  design  points  of  a  supersonic  dif¬ 
fuser. 
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Figure  38  Diagrams  of  supersonic  inlet  diffusers 
with  two  and  three  oblique  shocks 


Henceforth,  the  flight  Mach  number,  Mj,.  corresponding  to 

the  diffuser  design  point  will  be  designated  M„  . 

dap 

If  all  the  oblique  shock  waves  formed  by  the  central  cone 
are  outside  the  internal  diffuser  duct,  that  1*.  hefore  it,  and 
if  the  normal  breakdown  shock  is  in  the  plane  of  the  inlet  section 
of  that  duct  (figures  37  and  38  b),  the  diffuser  in  question  is 
called  a  diffuser  with  external  compression.  However,  in  some  of 
the  oblique  shocks  and  the  normal  breakdown  shock  are  located  in 
the  internal  duct  (figure  38  a  and  b),  the  diffuser  is  called  a 
diffuser  with  mixed  compression  (with  partly  external,  and  partly 


internal  compression). 

The  curves  plotted  in  figure  36  show  the  dependence  of  the 
maximum  possible  stagnation  pressure  recovery  factors,  5  c  on  the 
flight  Mach  number,  M„,  for  the  following  shock  systems.  I  -  a 
single  normal  (simple  diffuser  as  per  the  diagram  in  figure  35)  I 

2  -  one  oblique  +  one  normal  (as  per  the  diagram  in  figure  37  a); 

3  .  two  oblique  +  one  normal  (as  per  the  diagrams  in  figures  37  b 

and  38  a)  |  4  -  three  oblique  +  one  normal  (as  per  the  diagrams 

in  figures  38  b  and  38  c).  These  dependencies,  obtained  from  in¬ 
vestigation,  made  by  G.  I.  Petrov  and  Ye.  P.  Ukhov,  show  that  when 
M  »  1  the  use  of  supersonic  diffusers  provides  a  very  significant 
gain  over  the  simple  diffuser,  that  is  by  a  single  normal  shock. 
For  instance,  when  M„  =  2  the  ram  pressure  after  a  single  normal 
shock  is  p*  •  ocp*  =  0.75  Pfl  (curve  1  in  fig.  36),  whereas  a 
pressure  or  p*  =  0.9  pfl  is  obtained  after  a  system  of  two  shocks 
(one  oblique  *  one  normal)  (curve  2  in  fig.  36),  or  20#  higher. 

But  if  Mh  =  3,  P*  =  0.3  PJ5  is  obtained  for  a  single  normal  shock, 
at  the  same  time  that  we  have  a  pressure  after  a  system  of  three 
shocks  (two  oblique  +  one  normal)  greater  by  a  factor  of  2.5, 

that  is,  p|  a  0.75  Pfi  (curve  3  in  fig.  36). 
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All  other  conditions  being  equal,  an  incraass  in  prassura 
after  the  systaa  of  shocks  in  tha  inlat  diffusar  will  causa  tha 
pressure  to  increase  at  tha  turbojet  engine  compressor  inlat  and, 
consequently,  there  will  be  an  increase  in  tha  ram  compression 
ratio,  in  the  resultant  compression  ratio,  and  in  the  air  flow 
through  the  engine.  The  result  is  a  corresponding  increase  in 
engine  efficiency,  and  an  Increase  in  specific  and  total  thrust. 
This  is  why  supersonic  lnlst  diffusers  are  absolutely  necessary 
in  turbojet  engines  designed  for  high-speed  supersonic  flight. 

The  principal  geoaetric  parameters  of  supersonic  inlet  dif¬ 
fusers  (fig.  39)  aret 

diffuser  intake  area  Fin  (section  a 'a1)! 


of  the  internal  diffuser  duct,  normal  to  tha  flow) 

the  number  of  breaks  on  the  surface  of  the  central  cone 
(or  upper  wedge),  establishing  the  number  of  external  incident 
shocks) 

the  vertex  angle,  and  angles  of  the  breaks,  w, ,  etc. 
on  the  surface  of  the  central  cone  (wedge)) 
stagger  of  the  central  cone,  1) 


W), 


distance  between  its  breaks,  1 


etc.) 


area  of  diffuser  outlet,  F^,  section  d,d)) 
frontal  area  (drag  area)  of  the  diffuser,  Ff) 


cowl.  cowl  * 

1  o 

Figure  39. 

Oeometric  parameters  of  a 
supersonic  inlet  diffuser 


The  resultant  pilot  loss  in  a  supersonic  diffuser  can  be 
i-4  .or 


evaluated  by  the  factor 

/’*  /'d 

--.-»~oc»d.d 


where  is  the  ram  pressure  at  the  diffuser  outlet  (section 

d,d)i 

pj  is  the  ram  pressure  beyond  the  system  of  shocks) 

0  d  d is  a  factor  that  takes  into  consideration  the  pressure 
loss  in  the  Internal  duct  of  a  supersonic  diffuser) 
usually  the  average  °d  d  *  0.86  to  0.88. 

The  maximum  air  flow  through  the  diffuser  occurs  at  the 
design  point  because  the  cross-sectional  area,  F^,  of  the  free 
air  subsequently  entering  the  diffuser  (fig.  37)  equals  the  inlet 
area,  F^,  of  the  diffuser  (fig.  39).  Actually,  we  can  write 
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Ga  *  VHPHV'  *'here  yh  is  the  specific  weight  of  the  external  free 
air,  and  V  is  its  velocity  relative  to  the  diffuser,  that  is, 
the  airspeed  for  the  air  flow  through  the  area  FH>  However,  for 
given  values  of  YH  and  V,  the  maximum  for  this  flow  will  occur 
when  F„  ■  F  ,  that  is,  G 


max 


1  YHFinV- 


H  _  'in* 

The  capacity,  or  the  output,  of  a  supersonic  inlet  diffuser, 

which 


for  given  YH,  is  evaluated  by  the  discharge  coefficient, 


equals  the  ratio  between  the  actual  air  flow.  G 

a 

air  flow.  G 

amax 

^  -  «  /<* 


and  the  maximum 


fh/f 


in* 


from  whence 


a  Ydr in  Y  H  * 

It  is  obvious  that  9 d  ■  1  at  the  design  point. 


that  the  external  drag  of  a  supersonic  inlet  diffuser,  wd, 


We  note 
XJt  is 

least  at  the  design  point. 

The  diffuser  throat  area  should  have  a  magnitude  such  that, 
at  the  design  point  all  the  air  passing  through  the  system  of  ex¬ 
ternal  shocks  can  pass  through  it,  that  is,  Vd  •  1 .  If  the  throat 
area  is  selected  such  that  the  air  velocity  in  it  equals  the  speed 
of  sound,  this  throat  area  will  be  called  the  optimum  throat  area 
Ft  ,  because  here  the  pitot  loss  in  the  diffuser  will  be  least 
•lipoth«r  conditions  being  equal. 

If  the  throat  area  at  the  diffuser  is  comparable  to  that 
shown  in  figures  38  a  or  38  b.and  if  made  greater  than  optimum, 

^Ft  >Ft  that  iai  it  i*  oversized,  and  the  other  conditions 

remain  8Ri  same,  the  air  in  the  throat  will  become  supersonic 
(the  normal  breakdown  shock  will  be  located  beyond  the  throat), 
and  the  velocity  beyond  the  throat  will  increase  accordingly. 

This  is  why  the  pitot  loss  in  the  diffuser  duct  will  increase. 

The  same  result  will  be  obtained  when  Ft  >  Ft  for  the  diffusers 
in  figures  37  and  38  b,  the  result  of  flow  sedation  and  eddy 
formation  in  the  throat  region. 

If  the  throat  area  is  leas  than  optimum  and  all  other  con¬ 
ditions  remain  unchanged,  the  throat  will  be  unable  to  pass  all 
tl.e  air  flowing  through  the  external  Incident  shocks.  In  that 
case  a  so-called  deflected  forward  shock  wave  develops  before 
the  diffuser  duct  inlet,  destroying  the  multiple  external 
oblique  shock,  near  the  cowling,  as  shown  in  figure  ko. 

°\  / 

■ 


Tigure  40 


Diagram  of  tha  destruction  of 
dasignad  multiple  shocks  by  a 
deflected  shock  (DS) 
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This  causes  external  air  leakage  near  the  cowling,  so  the 
discharge  coefficient ,  9 d,  is  reduced  and  becomes  less  than  unity. 
In  addition,  pitot  losses  in  the  diffuser  increase,  as  does  ex¬ 
ternal  diffuser  drag. 

The  internal  diffuser  duct  is  made  wider  beginning  at  the 
throat  (downstream),  then,  immediately  before  the  engine,  the  in¬ 
let  section  is  made  in  the  form  of  a  slightly  converging  duct,  as 
was  mentioned  earlier,  in  order  to  equalize  the  flow  at  the  com¬ 
pressor  inlet. 


**  •  Off -Design  Points  and  Unstable  Operation  (Surging)  of  a 
Supersonic  Diffuser 

Let  us  now  consider  the  special  features  of  the  operation 
of  a  fixed-area  (invariable  geometry)  supersonic  inlet  diffuser 
at  the  off-design  points.  The  diffuser  can  deviate  from  its 
design  point  as  a  result  of  a  change  in  the  flight  Mach  number 
V  or  of  a  change  in  the  backpressure  at  the  diffuser  outlet, 
caused  by  a  change  in  engine  operation. 

If  there  is  a  change  in  flight  Mach  number,  M^,  compared 

with  that  value  of  Mjj  for  which  the  supersonic  diffuser  was 

designed  and  conf igura^Bd,  the  designed  multiple  shocks  will  be 

destroyed,  causing  a  change  in  the  coefficients  a  .  and  q>  ,  and 

d  d 

in  the  external  diffuser  drag. 

We  know  that  the  angle  of  inclination  of  the  oblique  shocks 
is  reduced,  but  that  their  intensity  increases,  when  the  flight 
Mach  number,  MH,  increases  beyond  Mjj  .  Therefore,  the  external 
oblique  shocks,  instead  of  convergingdSt  the  leading  edge  of  the 
cowling,  flow  inside  the  diffuser  duct  (figure  4l),  where  they 
produce  a  series  of  additional  reflected  shocks.  This  results  in 
an  increase  in  thr  pitot  losses  in  the  diffuser  and  in  a  corres¬ 
ponding  reduction  in  o a  (even  when  compared  with  od  for  a  diffuser 
designed  for  this  other,  higher  Mach  number,  >  MH  ).  More¬ 
over,  as  will  be  seen  from  the  diagram  in  figure  4l,dwfien 

>  MH  '  the  d4®charF®  coefficient  does  not  change,  but  re¬ 
mains  1,  that  is,  diffuser  output  remains  the  maximum 

possible. 


Figure  4 1  Diagram  of  shocks  in  the  supersonic 
diffuser  when  M^  >  M„ 

"ddp 

If  the  flight  Mach  number,  ,  is  reduced  as  compared  with 
the  design  point  for  the  diffuser,  that  is,  when  MH  <  MH  ,  the 
external  oblique  shocks  will  fall  away  from  the  leading  g(jge  of 
the  cowling  (fig.  42  a),  all  other  conditions  unchanged,  because 
angle  of  Inclination,  a,  of  these  shocks  will  increase  with  a 
decrease  in  the  Mach  number,  MH .  The  result  Is  external  air 
leakage,  the  area  FH  of  the  undisturbed  jet  becomes  smaller  then 
that  of  Fln,  as  will  be  seen  In  figure  42,  end  the  discharge 


HA-01 7-68 


78 


coefficient  is  reduced}  it  becomes  <Pd  <  1,  and  external  diffuser 

drag  increases.  The  pressure-recovery  factor,  d#  increases 

because  of  the  reduction  in  the  intensity  of  the  shocks  when 

the  flight  Mach  number,  Mjj,  is  reduced.  But  even  so,  a  lower 

a  is  obtained  than  would  be  the  case  for  a  diffuser  designed 
d 

for  this  lower  Mach  number  MH  <  . 


Figure  42  Diagram  of  shocks  at  the  inlet  to  a  supersonic 

diffuser,  when  Mu  <  Mu 

n  n  ,  , 
ddp 


Calculations  show  that  the  smaller  the  flight  Mach  number, 

Mh,  the  greater  will  be  the  required  optimum  diffuser  throat 
area  Ffc  ,  that  is,  the  minimum  throat  area  providing  for  an 
air  flowpwithout  a  deflected  forward  shock,  as  in  the  diagram 
in  figure  42  a.  Physically  speaking,  this  can  be  explained  by 
the  fact  that  with  a  decrease  in  the  Mach  number,  Mjj,  comes  a 
reduction  in  the  ram  air  compression  ratio  in  the  diffuser,  and 
the  density  of  the  air  in  the  throat  is  reduced  accordingly,  so 
throat  discharge  capacity  is  reduced,  and  this  requires  an  in¬ 
crease  in  when  the  flight  Mach  number,  MN,  is  reduced. 

Fixed-area  sSpersonic  diffusers  have  a  constant  throat  area. 
Therefore,  if  the  throat  area  is  selected  as  optimum  when  , 

this  area  will  become  less  than  optimum  for  lower  flight  Mac$dp 
numbers,  M^,  that  is,  tie  throat  capacity  will  become  less  than 
the  capacity  of  the  oblique  shocks  falling  away  from  the  cowling 
(when  <Pd  <  l).  When  <  MH  ,  this  results  in  the  appearance 
of  a  deflected  forward  shockda§  shown  in  figure  42  b,  so  that  <P  d 
is  reduced,  and  the  external  drag  of  the  diffuser  increases  at 
a  greater  rate  than  in  the  case  of  the  air  flow  shown  in  figure 
42  a.  Therefore,  the  throat  area  in  fixed-area  diffusers  is 
usually  made  oversized  (Ffc  >  )  for  the  diffuser  design 

point  when  ,  that  is,°?fte  throat  area  is  made  optimum 

for  <  Mr  •  A^d6as  explained  earlier,  this  will  reduce17  d 
at  the  des  ig$Ppoint ,  but  then  ^d  and  ?d  will  increase  and  diffuser 
drag  at  flight  Mach  numbers,  M^,  below  MJt  will  decrease. 

In  subsonic  flight  (Mh  <  l),  and  particularly  in  slow  sub¬ 
sonic  flight  (Mjj  «  l),  the  discharge  capacity  of  a  fixed-area 
supersonic  diffuser  proves  to  be  considerably  less  than  that  of 
simple  subsonic  inlets,  but  the  pressure  losses  in  it  are  greater. 
This  is  primarily  explained  by  the  fact  that  under  these  con¬ 
ditions,  (Mn  «l)  the  flow  over  the  sharp  edges  of  supersonic 
diffuser  cowlings  is  accompanied  by  flow  separation  and  eddy 
formations,  causing  air  Jet  contraction  in  the  diffuser  duct,  as 
shown  schematically  in  figure  43. 
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Figure  43  Diagram  of  the  air  flow  in  a  supersonic 

diffuser  when  MH  <  1  (a),  and  Mjj  »  0  (b)  . 

The  backpressure  at  the  supersonic  diffuser  outlet  for  a 
given  Mach  number,  ,  depends  on  turbojet  engine  compressor 
capacity.  If  the  compressor's  capacity  is  increased  by  increas¬ 
ing  its  speed  to  the  point  where  the  air  flow  through  the  com¬ 
pressor  is  greater  than  the  diffuser  throat  can  handle  at  a  given 
flight  Mach  number  M^,  pressure  at  the  compressor  inlet,  and, 
correspondingly,  the  backpressure  at  the  diffuser  outlet,  will  be 
reduced.  On  the  other  hand,  if  the  flow  of  air  through  the  com¬ 
pressor  becomes  less  than  the  flow  of  air  into  the  diffuser  be¬ 
cause  of  a  reduction  in  speed  (reduction  in  capacity),  the  pressure 
before  the  compressor,  that  is,  the  backpressure  at  the  diffuser 
outlet,  will  increase.  Thus,  a  change  in  the  capacity  of  a 
compressor  positioned  after  a  supersonic  diffuser  is  equivalent 
to  a  change  in  the  air  throttling  ratio  at  the  diffuser  outlet. 

Let  us  see  what  the  effect  of  a  change  in  backpressure  at  the 
diffuser  outlet  section  is  on  the  operation  of  a  supersonic  dif¬ 
fuser,  when  the  fjJ%,at  Mach  number,  Mjj,  is  unchanged. 

The  cross-sectioned  areas  of  the  internal  duct  in  supersonic 
diffusers  are  always  selected  such  that  at  the  design  point  after 
the  throat,  downstream  in  some  section  of  the  duct,  there  is 
acceleration  and  a  supersonic  air  flow  as  in  a  supersonic  expansion 
nozzle.  Further  downstream  the  flow  stagnates,  the  result  of  the 
backpressure,  and  the  supersonic  flow  terminates  in  an  almost 
normal  shock  wave,  after  which  the  air  velocity  becomes  subsonic. 
This  supersonic  region  after  the  throat  in  the  diffuser  duct 
naturally  increases  the  pressure  loss  in  the  duct.  At  the  same 
tim<i,  this  region  protects  the  external  shock  formations  against 
the  penetration  of  pressure  fluctuations  (perturbations)  from  the 
throat  caused  by  the  compressor,  the  propagation  velocity  of  which 
is  less  than  the  air  velocity  in  this  region. 

The  extent  of  the  protective  supersonic  region  in  the  diffuser 
duct,  and  the  air  velocity  in  this  region,  increase  with  decrease 
in  the  backpressure  at  the  diffuser  outlet  (with  Increase  in 
turbojet  engine  compressor  rpm  and  *  const).  Its  breakdown 
shock  is  displaced  downstream,  toward  the  diffuser  outlet,  and 
becomes  more  intense,  causing  an  increase  in  pressure  loss,  and 

is  reduced.  However,  the  shock  formation  at  the  diffuser  inlet 
is  not  disrupted,  so  9^  ■  const. 

When  the  backpressure  after  the  diffuser  is  increased 
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(reduction  in  turbojet  engine  compressor  rpm  and  Mjj  ■  const) 

the  breakdown  ahock  at  the  protective  superaonic  region  ia 

displaced  upstream,  toward  the  throat,  becomea  less  intense, 

and  the  extent  of  this  region  is  reduced.  As  a  result,  the 

pressure  loss  in  the  diffuser  duct  is  reduced,  and  ffd  increaees. 

At  the  same  time,  the  ahock  formation  at  the  diffuser  inlet  ia 

retained  and  <t  .  m  const, 
a 

This  keeps  recurring  until  the  increase  in  backpressure  at 
the  diffuser  outlet  results  in  the  complete  disappearance  of 
the  protective  supersonic  region  after  the  diffuser  throat. 

After  this,  further  Increase  in  backpressure  results  in  the 
normal  breakdown  shock  being  displaced  outside  the  diffuser  duct 
(upstream),  so  that  a  deflected  forward  shock  appears  before  the 
diffuser  inlet,  moving  ahead  from  the  edge  of  the  cowling  in  a 
manner  comparable  to  that  shown  in  figure  Uo. 

At  the  same  time,  however,  the  aspect  of  deflected  forward 
shock  proves  to  be  unstable,  the  result  of  a  variety  of  complex 
phenomena  accompanying  the  air  flow  in  a  supersonic  diffuser. 

The  mechanism  of  this  instability  in  the  deflected  shock  can  be 
explained  schematically  as  follows.  Then  a  deflected  forward 
shock  develops,  »d  is  reduced,  the  air  flows  outward  at  edges 
of  the  cowling,  and  the  flow  of  air  into  the  diffuser  is  reduced 
(  9d  la  reduced),  so  there  ia  a  pressure  drop  in  the  duct.  This 
moves  the  deflected  shock  backward  (downstream)  into  the  diffuser 
duct,  and  the  whole  shock  formation  is  restored.  But  this 
causes  an  increase  in  the  supply  of  air  to  the  diffuser  (in¬ 
crease  in  <Pd),  there  is  an  increase  ln<7d,  and  a  corresponding 
increase  in  pressure  in  the  diffuser  duct,  again  resulting  in 
the  formation  of  a  deflected  forward  shock  and  at  the  same  time, 
the  disruption  of  the  shock  formation  at  the  diffuser  inlet. 

The  shock  formation  is  again  restored  in  accordance  with  the 
pattern  described  above,  after  which  it  is  destroyed,  etc.  In 
other  words,  these  processes  are  repeated,  alternating  rapidly 
in  the  process.  The  result  is  unstable  operation,  or  surging 
in  the  diffuser,  accompanied  by  heavy  pressure  fluctuations 
and  return  air  currents  in  the  diffuser  duct. 

The  frequency  of  the  pressure  fluctuations  during  diffuser 
surging  is  approximately  100  Hz,  and  their  intensity,  that  is, 
the  ratio  between  the  total  amplitude  of  a  pressure  fluctuation 
and  Its  average  magnitude  reaches  75  %. 

Surging  of  a  supersonic  diffuser  is  not  acceptable  during 
engine  operation  because  it  causes  vibration  and  Jarring  that 
impairs  the  strength  of  the  inlet  assembly,  and  other  elements, 
in  the  power  plant,  as  well  as  fluctuations  in  pressure  in  the 
combustion  chambers  and  corresponding  fluctuations  in  thrust, 
and  can  lead  to  flame  attenuation  and  flameout  in  the  combustion 
chambers,  that  is,  to  self-shutdown  of  the  engine. 
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What  follows  from  the  foregoing  la  that  the  supersonic 
region  between  the  diffuser  throat  and  the  diffuser  outlet  pro¬ 
vides  some  protection  against  surging.  The  greater  its  length, 
the  greater  will  be  the  delay  before  surging  begins  as  the  back¬ 
pressure  increases  at  the  diffuser  outlet,  that  is,  the  broader 
will  be  its  range  of  stable  operation,  or  the  greater  its  "stability 
margin".  However,  the  pressure  loss  increases  and  o ^  decreases 
with  increase  in  the  length  of  this  region.  Therefore,  the 
"stability  margin"  for  the  fixed-area,  supersonic  diffuser  can 

be  evaluated  by  the  magnitude  A  .  *  o  h  .  ,  where  o.  is  the 

sc  max'  d  d 

pressure-recovery  factor  in  the  diffuser  when  there  is  a  super¬ 
sonic  region  after  the  throat,  and is  the  pressure-recovery 
factor  when  there  is  no  such  region,  and  all  other  conditions 
are  equal. ^  It  is  obvious  that  the  greater  ^st»  the  greater  will 
be  the  stability  margin  for  the  diffuser.  As  a  rule,  at  the 
design  point  Aflt  ■  8  to  10 

However,  this  cannot  always  prevent  surging  in  supersonic 
diffusers  of  turbojet  engines,  because  of  the  broad  range  over 
which  operating  conditions  change  in  flight.  This  is  why  it  is 
usually  necessary  to  use  special  antisurging  devices  in  these 
diffusers,  one  of  which  is  the  discharge  for  some  of  the  air 
from  the  diffuser  duct  into  the  atmosphere  through  a  duct  located 
between  the  supersonic  region  and  the  turbojet  engine  compressor 
inlet.  This  prevents  the  pressure  at  the  diffuser  outlet  from 
building  up  high  enough  to  destroy  the  protective  supersonic 
region  in  the  diffuser  duct  and  cause  surging,  regardless  of 
operating  conditions. 

5»  The  Supersonic  Diffuser  Characteristic  Curves  And 
Regulation  Concept 

The  dependencies  of  the  stagnation  pressure  recovery 
factor,  o  and  the  discharge  coefficients  and  on  the 
backpressure  (resistance)  at  the  outlet  of  a  supersonic  dif¬ 
fuser  for  a  constant  flight  Mach  number,  Mj^,  are  called  the 
throttling  characteristic  curves.  These  curves  are  constructed 
from  experimental  data  obtained  with  the  diffuser  in  a  super¬ 
sonic  wind  tunnel  and  with  different  settings  of  the  throttling 
device  installed  after  the  diffuser  outlet  section* 

The  throttling  curves  can  be  constructed  as  functions  of 
any  parameter  that  is  uniquely  associated  with  the  magnitude  of 
the  resistance  at  the  diffuser  outlet  for  a  constant  flight  Mach 
number,  M^,  value. 

The  throttling  curves  for  a  supersonic  diffuser  can  be 
constructed  using  the  following  relationships. 

^The  "stability  margin"  for  a  supersonic  diffuser  is  also 
often  described  by  the  relationship  A  .  m  (ff  79  )  /ff  79  ,  where 
(°d/ ^  bound  is  the  r*tio  between  th?  coefficients 

*d  and  c?d  at  the  diffuser  surge  boundary  (see  fig.  Uk) . 
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From  the  relationships  citsd  above,  the  weight  flow  of  air 

through  the  diffuser  equals  «  /ja  V1'-'-- 

t3  *B  ftrH ' 

but  since  V-M „  Vkg-iT  and  for  air  “  0,685,  to 

G  =  0,G85r  Jk-. 

e  d  in  "  ;  • 

Now,  after  dividing  both  sides  of  this  equality  by  tho  ram 
pressure  In  the  diffuser  outlet  section,  p*  .  adpHj,  and  multi¬ 
plying  by  \j  T*  ,  we  obtain 


On  the  basis  of  the  formulas  at  (1.28)  and  (1.29),  and  after 
a  simple  transformation,  we  can  substitute 

I'll  \/  rn  1 

r„  1  ~rn  (I 

Finally,  wo  can  write 

lu 

i'6  '‘d  W? 

The  left  side  of  this  relationship  is  called  the  air  weight 
riow  parameter  for  the  diffuser  outlet  section.  As  the  resistance 
at  the  outlet  of  a  fixed-area  diffuser  increases  (with  an  in¬ 
crease  in  the  air  throttling  ratio),  the  pressure  pj  and  (pd) 
increases,  when  MH  *  const,  and  tho  air  flow,  Ga,  remains  un¬ 
changed,  as  was  explained  above,  until  the  deflected  forward 
shock  develops.  Any  subsequent  increase  in  p^  is  accompanied  by 
a  decrease  in  <p  d  and  by  a  corresponding  decrease  in  air  flow  G  . 
Accordingly,  with  *  const,  any  increase  in  diffuser  outlet 
resistance,  that  is,  any  increase  in  pj,  will  result  in  a  re¬ 
duction  in  r  r n  a  So  it  is  possible  to  construct  the 

throttling  ffj  curves  for  the  diffuser  in  the  form  of 

the  dependencies  of  9  d  and  <*d  on  the  flow  parameter  for  any  given 
flight  Mach  number,  M^.  For  this  purpose,  a  series  of  values 
for  Ga,  p*,  T*,  end  ^  are  found  experimentally  for  each  given 
Mach  number,  and  the  corresponding  magnitudes  of  9d  are  computed 
through  the  expression  at  (4.8).  The  shapes  of  these  throttling 
curves,  constructed  for  a  supersonic,  fixed-area  diffuser  for 
four  different  flight  Mach  numbers,  M^,  are  shown  in  figure  44. 

The  shading  indicates  the  diffuser  suige  boundary.  The  operating 
points  of  the  diffuser  with  deflected  forward  shock  are  located 
in  the  region  between  the  surge  boundaries  and  the  dotted  curves 
plotted  in  the  field  of  the  characteristic  curves.  The  closer 
these  points  are  to  the  surge  boundary,  the  more  intensive  they 
will  bo.  It  is  readily  seen  that  the  nature  of  the  change  in  tpd 
and  in  figure  44  corresponds  completely  to  the  special  operating 
features  of  the  fixed— area  diffuser  with  changing  backpressure 
at  its  outlet  when  =*  const  discussed  in  the  preceding  para¬ 
ge  ph. 
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Tho  throttling  curves  for  the  diffuser  make  it  possible 
to  establish  its  points  (that  is,  o^,  q>d,  and  X^)  for  any  operating 
conditions  for  the  turbojet  engine  for  which  the  diffuser  is  in¬ 
tended.  Needed  for  this  purpose  in  addition  to  the  flight  Mach 
number,  M^,  is  the  air  flow  parameter  at  the  turbojet  engine 
compressor  inlet,  that  is,  ^ Vj\t  (where  p*  is  the  ram  pres¬ 
sure  at  the  compressor  inlet),  Pa  and  the  pitot  loss  factor, 


in  the  duct  between  the  diffuser  outlet  and  the  compressoi  in¬ 
let.  Since  p*  ■  <*,  p*,  it  is  obvious  that  -  i/tt 

a  r„yr„ 


The  throttling  curves  for  fixed-area,  supersonic  diffusers 
are  very  often  constructed  in  the  form  of  the  dependencies  of  <?d 
ontpd,  as  shown  in  figure  44  b.  These  dependencies  are  obtained 
by  the  simple  reconstruction  of  the  curves  shown  in  figure  44a, 
or  directly,  through  the  relationship  at  (4.8). 

The  dependencies  of  the  coefficients  ^  and  od,  as  well  as 
of  Xd,  on  the  flight  Mach  number,  Mjj,  are  called  the  Mach  curves, 
or  the  diffuser  velocity  curves.  These  curves  have  been  con¬ 
structed  as  dotted  curves  in  figure  45  for  a  fixed-area,  super¬ 
sonic  diffuser  in  which  the  designed  shock  wave  formation  as  well 
as  the  optimum  throat  area  correspond  to  a  design  Mach  number, 

Mpj  *  3.  As  will  be  seen,  in  this  case  the  discharge  capacity 

ofdtfteddiffuser,  ?d,  drops  off  radically  with  a  decrease  in  the 
Mach  number,  M^,  but  its  external  drag,  Xd,  increases  sharply. 

This  is  the  result  of  the  destruction  of  the  designed  shock  wave 
formation  by  the  deflected  forward  shock  that  develops  because 
when  Mjj  <  ,  the  throat  area  becomes  too  small,  less  than 

optimum,  as  wll *expl  ained  earlier.  If  the  throat  area  in  this 
same  diffuser  is  increased  to- the  optimum  for  M^  m  2  (that  is, 
made  oversized  for  =  3),  there  will  be  some  loss  in^d,  but 
overall  the  curves  can  flow  more  favorably  than  in  the  preceding 
case,  as  is  shown  by  the  solid  lines  in  figure  45. 


Figure  44  Throttling  curves  for  a  fixed-area, 


supersonic  diffuser. 
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Figure  45 


Velocity  curves  for  fixed-area, 
supersonic  diffuser. 


In  the  general  case,  the  turbojet  engine  in  a  supersonic 

aircraft  should  operate  over  a  wide  range  of  flight  Mach  numbers, 

Mjj ,  and  under  greatly  variable  engine  operating  conditions  (rpm). 

Therefore,  because  of  its  off-design  points  and  characteristic 

curves  the  supersonic  diffuser  in  this  turbojet  engine  should 

be  made  adjustable.  Otherwise  the  reduction  in  <P  .  and  o  and 

d  d 

the  increase  in  external  diffuser  drag,  that  accompany  appreciable 
deviations  from  the  design  point  will  cause  very  significant 
losses  in  effective  thrust  and  engine  efficiency,  as  well  as  the 
danger  of  diffuser  surging  and  its  unacceptable  consequences. 

What  follows  from  the  foregoing  is  that  regulation  of  super¬ 
sonic  inlet  diffusers  can  be  accomplished  byi 

longitudinal  displacement  of  the  central  cone  to  prevent 
the  falling  away  of  the  external  oblique  shock  waves  from  the 
leading  edge  of  the  cowling  (the  cone  is  displaced  backward  with 
increase  in  the  flight  Mach  number,  M^)j 

changing  the  throat  areal  for  example,  by  increasing  it 
with  decrease  in  the  flight  Mach  number,  M^,  in  order  to  prevent 
the  development  of  the  deflected  forward  shock;  the  throat  area 
can  be  changed,  by  displacing  the  central  cone,  for  example} 
feeding  additional  external  air  into  the  duct,  bypassing 
the  throat  as  shown  in  figure  46,  in  order  to  increase  the  ca¬ 
pacity  of  the  diffuser  and  reduce  losses  in  it  when  <  1,  and 
during  take-off; 

discharging  some  of  the  air  to  the  outside  from  beyond  the 
throat  in  order  to  prevent  diffuser  surging,  as  was  explained 
above . 
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Figure  46  Diagram  of  tha  regulation  of  a  supersoni 
diffuser  by  delivering  additional  air, 
whan  Mjj  <  1 

There  ara  other  waya  to  regulate  supersonic  diffusers,  In¬ 
cluding  changing  the  angles  of  the  wedges  forming  tha  duct, 
changing  the  cowling  angles,  etc. 
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CHAPTER  5 

AVIATION  COMPRESSORS 

<•  Principal  jtr  Ssmam  Amimeant  ««i  op»r.tion 

The  purpose  of  tho  coaprtnor  it  to  compress  air,  and  this 
it  necessary  to  obtain  bat  tar  convarsion  of  tha  haat  addad  to  tha 
air  in  tha  combustion  chamber  into  useful  work. 

Multistage,  axial-flow  coaprattort  ara  utad  in  tha  aain  in 
turbojat  anginas.  Radial-flow  coaprattort  ara  utad  in  cartain 
caaat . 

Dlagraaaatic  layouta  of  tha  multistage,  axial-flow  compres¬ 
sor,  and  of  ona  of  its  stages,  ara  ahown  in  figuraa  47  and  48. 


Figure  47l  Layout  of  an  axial-flow,  aultiataga 
coapraaaori 

1  -  rotor  bladaai  2  -  atralghtanar  bladesf 
3  -  drum)  4  -  coapraaaor  eating. 

Tha  aultiataga ,  axial-flow  coapraaaor  conaiata  of  aavaral 
rowa  of  shaped,  aoving  (rotor)  and  atationary  (atralghtanar) 
bladaa  in  an  altarnatlng  aaquanca  in  tha  axial  diractlon  and 
dlatributad  around  tha  parlphary.  Tha  rotor  bladaa,  1,  ara  aa- 
curad  to  tha  outar  aurfacaa  of  Individual  whaala  mounted  on  a 
common  ahaft,  or  to  a  aurfaca  fonatd  by  a  drum,  3,  coaaon  to 
all  bladaa  (fig.  47).  Tha  anda  of  tha  atralghtanar  bladaa,  2, 
ara  clampad  in  outar  and  innar  rings,  Tha  outar  ring  in  turn 
la  aacurad  in  placa  inaida  tha  stationary  coapraaaor  eating,  4. 

Bach  row  of  rotor  bladaa,  together  with  its  supporting 
element (wheel ,  drua  section)  ia  called  a  rotor  wheal.  Tha  entire 
rotating  part  of  tha  coapraaaor  Is  called  the  rotor.  Each  row  of 
atationary  blades  is  called  a  atraiarhtenor  rim.  Tha  entire  ata¬ 
tionary  part  of  the  compressor  is  called  tha  atator. 

Tha  grouping  made  of  the  rotor  wheal  and  the  atralghtanar 
rig  after  it  (in  the  direction  of  air  flow)  is  called  the  compres¬ 
sor  stage. 

When  the  compressor  rotor  rotates,  the  blade. i  act  on  the  air 
like  propeller  blades,  twisting  it  and  forcing  it  to  move  in  an 
axial  direction  toward  the  compressor  outlet  (toward  the  combustion 
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chaaber).  This  results  In  s  drop  In  pressure  st  the  compressor 
Inlet,  providing  s  constsnt  Inflow  of  sir  from  tho  surrounding 
■sdluu.  The  convex  Ados  of  tho  rotor  blades  face  In  a  direction 
opposite  to  that  of  rotor  rotation.  Therefore,  the  flow  In  the 
channels  between  the  rotor  blades  Is  In  the  direction  of  rotation 
but  tho  SKNsent  of  the  aorodynaelc  forces  acting  on  tho  rotor  blades 
Is  correspondingly  opposite  to  rotor  rotation.  This  requires  tho 
expenditure  of  Mechanical  energy  to  rotate  the  rotor,  and  this 
energy  is  then  transferred  by  the  rotor  blades  to  the  air  flowing 
between  then. 

*•  •  result  of  tho  Input  of  external  enorgy  into  tho  rotor 
wheal,  static  pressure,  p,  and  absolute  air  valoclty,  c,  lncraase 
elnultaneouely  (fig.  88). 


figure  88«  Schematic  diagram  of  a  stags  in  an  axial- 
flow  comprsasor  (position  as  in  fig.  87) 

Legends  ■ 

1  -  SR  -  atralghtener  rig 

2  -  RK  -  rotor  wheel 

3  -  X  -  section  through  AB| 

The  air  velocity  acquired  in  the  wheel  is  converted  into 
pressure  in  the  stationary  atralghtener  rig  installed  after  the 
rotor  wheel  (as  a  result  of  the  diffusive  shape  of  the  channels 
between  the  blades)  without  external  energy  input,  resulting  in 
an  additional  increase  in  air  pressure,  and  a  corresponding  re¬ 
duction  in  air  velocity  (fig.  88).  In  addition,  the  straighten.r 
rig  turns  the  flow  against  rotor  rotation,  providing  it  with  the 
direction  required  for  entering  the  next  compressor  stage.  The 
air  is  given  an  axial  direction  in  the  last  (output)  straightener 
rig,  for  which  purpose  it  is  often  necessary  to  use  several 
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successive  nraifhtintr  rlge  after  tha  laat  rotor  wheel  (loeaee 
would  lncreaee  coneiderably  If  only  one  were  used). 

In  the  ex lei -flow  compressor  the  air  novae  approximately  alone 
cylindrical  surfaces,  tha  axee  of  which  coincida  with  the  axle  of 
rotor  rotation,  which  aleo  explalna  the  name  of  the  conpreeeor. 

The  flow  areaa  of  the  euccaeeive  stages  in  the  axial-flow 
coapraeaor  are  nade  eucceeelvely  enaller,  eince  the  air  ie  nonpres¬ 
eed  ae  it  novae  through  the  coa^>ressor,  and  ite  daneity  increaaee. 

The  axial  velocity  of  tha  air  ueually  renalne  conatant  in  all  etagae, 
or  docraaaee  allghtly  at  tha  conpreeeor  outlet.  Thie  le  done  eo 
tha  bladae  in  the  laat  etagae  will  not  be  too  ahort  and  cauea  an 
lncraaaa  in  loeeee. 

The  reduction  in  tha  flow  area  of  tha  flow  eactlon  of  a  con- 
praeeor  ie  acconpliehed  by  reducing  the  outelde  diameter  of  the 
rotor,  keeping  the  drum  diameter  conatant,  or  by  lncreaaing  tha 
diameter  of  tha  drum  (of  tha  wheele)while  keeping  tha  outaide  dia¬ 
meter  of  the  rotor  conatant,  or,  finally,  by  lncreaaing  both  rotor 
and  drum  diameter.  The  firet  eolution  eimpllflea  rotor  blade  in- 
eta'  lation  and  aecuring,  and  the  important  thing,  reducea  the  danger 
of  obtaining  too  ehort  bladea  in  the  laat  compreaaor  atagea.  In 
the  eecond  and  third  aolutiona  the  bladea  in  the  eucceeding  atagea 
functional  higher  average  circumferential  velocitiea  than  do  the 
bladea  in  the  preceding  etngee.  Thie  nakee  it  poaaible  to  increase 
the  conpreeeion  retio  in  the  conpreeeor  for  the  aame  number  of 
atagea.  An  increase  in  the  circumferential  velocity  in  succeed¬ 
ing  stages  le  permissible  because  the  temperature,  and  consequent¬ 
ly  the  speed  of  sound  aa  well,  ia  higher  at  the  inlet  to  these  atagea 
than  it  is  at  the  inlet  to  the  first  stage. 

The  higher  circumferential  velocities  of  the  blades  in  succeed¬ 
ing  stages  as  compared  with  the  velocities  of  the  blades  in  the 
first  stages,  are  readily  provided  for  by  using  dual-rotor  or 
compound  compressors  (fig.  19),  in  which  the  second  rotor  runs  at 
higher  rpm  than  the  first  rotor.  These  compressore  have  other  ad¬ 
vantages,  end  this  will  be  discussed  later  on. 

The  Increase  in  pressure  provided  by  one  stage  in  an  axial- 
flow  compressor  is  small,  so  these  compressors  are  always  made 
multi-stage.  Axial-flow  compressors  used  in  existing  aviation 
gas  turbine  engines  have  from  6  to  17  stages. 

The  diagrammatic  layout  of  the  centrifugal  compressor  is  shown 
in  figure  49. 

The  centrifugal  compresaor  includes  the  inlet  duct  5,  the 
impeller  wheel,  1,  with  vanes  2,  the  diffuser  3,  and  the  outlet 
ducts  4. 


Figur.  49.  Layout  of  a  centrifugal  compressor. 

1  -  impeller  heelf  2  -  impeller  vane*  3  -  diffuser* 
4  -  outlet  ducts*  5  -  inlet  duct. 


Th.  n.in  part  of  th.  centrifugal  compressor  is  tha  impeller 
wheel,  or  isipall.r,  which  1.  a  wh.al  with  a  row  of  straight  (radial) 
vanas,  2.  Tha  wall  of  tha  isipeller  whaal  and  tha  vanas  form 
channal.  through  which  air  flows.  Tha  impeller  wh.al  is  fitt.d 
on  a  shaft  and  is  surround.d  by  a  fixed  cov.r,  to  which  intaka 
duct  5  i«  connected. 

t***>*'us*ri  *  flat  or  conical,  annular  expanse  formed 

by  tha  walla  of  the  fixad  cover  and  located  concentrically  around 
th.  impall.r  wh.al.  Th.  flow  ara.  of  this  axpans.  incraa...  i„ 
th.  direction  of  flow  of  th.  air  Laving  th.  impall.r  wh.al.  X„ 
many  d.signa,  th.  diffus.r  haa  fixad  van.,  in  a.par.ta,  curved 
channels.  These  diffusers  are  called  vaned  diffus.r. .  *  vanad 

diffus.r  ia  always  preceded  by  an  annular  slot  with  no  van... 

The  outlet  ducts,  through  which  th.  compressed  air  i.  directed 
into  the  combustion  chambers,  are  located  after  the  diffuser. 

The  centrifugal  compressors  for  turbojet  engines  with  high 
air  consumption  are  usually  of  the  double-entry  type. 

The  usa  of  double-entry  compressors  makes  it  possible  to  re¬ 
duce  the  inlet  diameter  and,  correspondingly,  th.  outside  diameter, 
snd  thus  reduce  th.  diametral  size  of  the  compressor  a.  a  whole, 
without  increasing  the  air  velocity  at  the  impeller  wheel  inlet. 

When  the  compressor  impeller  rotates  the  air  between  the 
impeller  vanes  is  also  rotated  relative  to  the  impeller  axis, 
and  moves  to  th.  periphery  (to  the  diffus.r)  under  the  effect 
of  centrifugal  forces.  As  a  result,  a  vacuum  is  created  at  the 
impeller  inlet,  providing  for  an  inflow  of  external  air  into  the 
compressor  through  the  inlet  duct. 
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External  mechanical  work  la  transferred  to  the  air  by  the 
impeller  vanes,  causing  the  pressure  and  velocity  of  the  air  flow¬ 
ing  through  the  channels  between  the  impeller  vanes  in  the  compres¬ 
sor  to  increase.  A  good  part  of  the  kinetic  energy  acquired  by  the 
air  in  the  impeller  is  converted  into  potential  energy  in  the  dif¬ 
fuser,  where  the  air  pressure  continues  to  rise  as  a  result  of 
the  corresponding  reduction  in  its  velocity. 

In  this  type  of  compressor,  the  air  is  compressed  and  moved 
by  centrifugal  forces,  and  it  is  this  feature  which  gives  the  com¬ 
pressor  its  name  of  centrifugal  compressor. 


2 .  Air  Compression  in  a  Compressor 

The  most  importent  magnitude  establishing  the  efficiency  and 
specific  thrust  (power)  of  an  engine  is  the  air  compression  ratio 
in  the  compressor. 

As  has  already  been  noted,  the  air  compression  ratio  in  the 
compressor  "*  equals  the  ratio  of  the  total  pressure  at  the  com¬ 
pressor  outlet  p*  to  the  total  pressure  at  the  compressor  inlet  p* 

tt*  .  p*/p*  -  p*/j  ±npJ  (5.1 

and  when  the  airspeed  ie  V  »  0 


P*/at 


If  we  assume  for  simplicity  that  no  heat  exchange  with  the 
environment  takes  place  in  the  compressor  (<J#n  »  O) ,  and  that  there 
are  no  hydraulic  losses  (Lhyd  -  O) ,  the  compressor  will  be  called 
an  ideal  non-cooled  compressor.  The  energy  equation  at  (1.7)  can 
be  written  as  follows  for  this  type  of  compressor! 

o?  -  cf/2g  (5.2) 


ad 


T.)  ♦  _  _ 
is  the  temperature  at  the  outlet  of  the  compressor 


c  /A  (T 
P  °ad 


where  T^ 

under  consideration 
The  work,  LJd  c ,  required  for  adiabatic  compression  and 
changing  the  kinetic  energy  of  the  air  in  the  ideal  non-cooled 
compressor  is  called  the  adiabatic  head  for  the  compressor. 

If  we  introduce  the  parameters  of  the  stagnated  flow,  it  is 
obvious  that  the  equation  at  (5.2)  can  be  rewritten  as 


L*  »  c  /A  (T*  -  T*) 

adc  p  °ad 

Since  T*  «  T*,  and  C-/A  =  kR/k-1 ,  and  since,  in  addition, 
a  o  K 

because  of  the  adiabatic  equation 


(5. 2, a) 


Tc  JK 

ad 


W-**- 


we  finally  obtain 


■nr0{%  -1). 


(5.3) 
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Prom  whence,  substituting  k/k-l’R  =  102.5  and  kA-1  =  3.5  ,  we 

obtain 

TJ  -  (1  +  L*d  /102.5  T*)5-5.  (5.4) 

C 

Consequently,  n  #  not  only  depends  on  the  magnitude  of  the 
adiabatic  head,  but  also  on  TJt  that  lst  on  ths  airspeed  and  alti¬ 
tude  (and  on  the  outside  air  temperature  T0).  Therefore,  when  we 
assign  a  magnitude  to  the  compressor's  compression  ratio,  we  must 
also  indicate  the  conditions  under  which  It  applies.  As  a  rule, 

"J  *»  given  for  standard  air  temperature  on  ths  ground,  To  •  228°K 
(t„  "  ♦  1J°C)  and  for  airspeed  of  V  m  0  (M0  a  0) .  A  single-stage 
centrifugal  compressor  provides  a  «*  Q  of  k.  5  to  4.8,  and  one  stags 
(subsonic,  see  below)  of  en  axial-flow  compressor  can  provide  a 
i£  ot  to  This  latter  elso  serves  to  explain  the 

necessity  of  using  multi-stsge  axial-flow  compressors  mentioned 
above  ■ 

The  pv-dlagram  (fig.  50)  can  be  used  to  measure  ths  adiabatic 

^••8,  as  well  ae  the  total  work  of  adiabatic  air  compression  In 

ths  compressor,  by  measuring  the  area  contained  within  the  lines 

for  the  compress!  on  process  and  the  pressure  axis.  Consequently, 

if  »c>d  Is  the  adiabatic  compression  from  pressure  p*  to  a  pree- 

eura  pj,  the  adiabatic  head,  L*d  c  ,  will  be  represented  by  the 

area  Obc  .a . 
to 


V 


Figure  50i  Adiabatic  head  of  a  compressor 
In  the  pv-dlagram. 

In  the  TS-dlagram  (fig.  3 1 )  the  compression  adlabat  Is  re- 
p resented  by  the  segment  sc^,  parallel  to  the  temperature  axis, 
and  limited  by  the  isobars  corresponding  to  ths  Initial  prseaure 
p*  and  the  terminal  pressure  p»  of  compression  In  the  compressor. 
The  adiabatic  head  (its  thermal  equivalent )can  be  represented  in 
this  same  diagram.  Actually,  as  will  be  seen  from  the  equation 
at  (5. 2, a),  the  adiabatic  head  (in  thermal  units)  squals  the  heat 
of  the  lsobaric  process  taking  plac  in  the  tenpsrature  interval 
from  T*  to  T»  >d>  At  ths  sane  time,  it  is  obvious  that  in  this 
cass  the  lsobaric  process  can  bs  represented  by  the  curve  cc>d 

(Tig.  51 ),  and  the  heat  of  this  process  by  the  arse  Oc  .b.  Con- 

ad 

••quant ly,  tha  adiabatic  haad  will  ba  rapraaantad  by  th«  araa 
Occa(jb  in  tha  TS-diajru. 
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Figure  511  Adiabatic  haad  Figure  521  pv-dlagraa  for 

in  the  T3 -diagram,  air  coapraaaion  in  a  compraaaor. 


A  raal  compraaaor,  and  particularly  an  uncooled  one,  diffara 
from  tha  ideal  compraaaor  by  the  hydraulic  raaiatancoa  (L^  j  0). 
Moraovar,  in  tha  raal  compraaaor  a  one  heat  la  tranaferrad  from  tha 
compreaaad  air  to  tha  environment  through  tha  walla  of  tha  compraa¬ 
aor  houalng  bacauaa  tha  tamparatura  of  tha  air  in  tha  compraaaor 
la  higher  than  the  outeide  temperature.  However,  the  amount  la 
relatively  amall,  and  can  be  dleregarded  in  the  compreaaor  cal¬ 
culation  without  incurring  any  appreciable  error,  aaaualng  that 
Q„  -  0. 

The  external  work  that  nuat  be  added  to  1  kg  of  air  to  com- 
preaa  it  in  a  raal  compreaaor,  or  the  ao-called  internal  work  dona 
by  the  compreaeorVan  ba  determined  through  an  aquation  almllar 
to  that  at  (5. 2, a)  after  aubatltuting  the  real  temperature  at  the 
and  of  comproaeion  T»  (at  tha  outlet  of  the  real  compreaaor)  for 
th«  adiabatic  taaperatura  T*  • 


■*ps -?:)■ 


(5.3) 


The  work  done  by  the  hydraulic  raalatancea,  Lr,  la  converted 
into  heat  ALhyd  >  Qhyd,  and  abaorbed  by  the  compreaeed  air,  ao 
that  the  compreealon  proceea  in  a  real,  uncoolad  compreaaor  takea 


place  along  a  polytropa  with  an  exponent  n  larger  than  the  ex< 
ponantt  k(  of  tha  adlabat,  and  tharafora 


L'c~T=rml(''i:  (5.6) 

On  tha  othar  hand,  tha  intarnal  work  dona  by  tha  compreaaor 
expended  on  polytropic  air  coapraaaion  and  in  overcoming  tha 
hydraulic  rasiatancaa,  ao  can  alao  ba  determined  through  tha 
Bernoulli  aquation  at  (l.l6),  which  can  ba  written  in  tha  follow- 
ing  fona 


where  Lr  la 


-  L 


♦  L 


tha  work  dona  by  tha  hydraulic  raaiatancaai 


(5.7) 


* 

Thia  work  ia  sonatina*  called  tha  thaoratical  haad  for 
the  coapraaaor. 
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kp  c  A*  the  total  work  dona  by  tha  polytropic  compraaaion 

(polytropic  haad)  from  tha  Initial  presaure  p*  to  full 
preaaure  p*  at  tha  conpreoaor  outlet. 

Tha  value  of  n,  the  polytrope  exponent,  for  centrifugal  com- 
preaaor  uaed  in  aviation  gae  turbine  enginea  operating  under  dealgned 
operating  conditiona,  rang.,  approximately  from  1.52  to  1.62,  and 
for  axial-flow  compreaaora  rangaa  from  1.46  to  1.52. 

For  a  given  conpreaelon  ratio,  and  the  aame  initial  conditiona, 
the  total  work  of  polytropic  air  compraaaion  L  (tha  polytropic 
head)  la  greater  than  the  adiabatic  head,  L«d  ,  by  aoma  magnitude 
Lv»  b*c«u»«  in  th«  r««l  coBprtnor  th«  air  Is  haatad  by  haat 
•quivalant  to  tha  work  dona  by  tha  hydraulic  raaiatancaa,  L  (tha 
coapraaaion  polytropa  with  axponant  n  >  k  la  locatad  abova  tha 
adiabat ) 

Lp  c  ■  L:d  c  ♦  Lv  •  (5.8) 

The  air  compraaaion  proceea  in  a  real  compreaaor  ia  repreaantad 
in  the  pv-dlagram  in  figure  52,  where  ac  la  the  compreaalon  poli- 
trope  with  n  >  c,  and  ic>d  la  the  adiabat  of  compraaaion  to  tha 
preaaure,  p*.  In  thla  diagram  the  total  politropic  compraa¬ 
aion  work,  Lp  c  la  repreaantad  by  the  area  ObSa,  tha  adiabatic 
haad,  L*d  c,  by  tha  area  Obcmda,  and  the  additional  work,  Ly,  by 
tha  area  .c^c .  Thia  additional  work  ia  a  aecondary  result  of 
tha  effect  of  the  hydraulic  raaiatancaa  occaaloned  by  heating  and 
the  reaultant  increaae  in  volume.  The  increaae  in  air  compreaalon 
work  it  ia  not  aolely  additional  work.  Moat  of  tha  additional  work 
addad  to  the  air  in  tha  raal  compreaaor,  that  la,  tha  work  of  tha 
hydraulic  raaiatancaa,  Lr,  la  not  rapreaented  in  the  pv-dlagram, 
aince  it  ia  not  a  function  of  change  in  air  atate. 

In  tha  TS-diagram  (fig.  53)  the  polytropic  compreaalon  proceaa 
with  index  n  >  c  ia  repreaantad  by  the  curve  ac  which  alopea  to 
the  right  of  the  adiabat,  ac>d.  The  area  below  the  ac  curve  ia 
the  heat  added  to  the  air  during  polytropic  conpreaelon.  In  thla 
caae  thla  heat  la  equivalent  to  the  work  of  the  hydraulic  reaiat- 
ancea.  Tharefore,  the  work  of  the  raaiatancaa,  Lr  (in  thermal 
unlta  ALr)  la  repreaantad  in  the  TS-diagram  by  the  area  bacd. 

Area  Occ^b  in  turn  repreaanta  the  adiabatic  head,  L*d  ,  and  the 
*r**  aCadc  repreaanta  the  additional  compraaaion  work,aa  ia  obvioua 
from  a  comparlaon  of  tha  pv-  and  TS-diagrama. 
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B...d  on  tho  equatione  at  (5.7)  and  (5.8),  tha  intarnal  work 
dona  by  a  real  comprassor  can  ba  rapresentad  In  the  form  of  tha 

•  un 

Li  c  “  L!d  c  +  Lv  ♦  Lr  (5.9) 

ao  will  ba  rapraaantad  in  tha  TS-diagraa  by  tha  of  the  araaa 
Hated  above,  that  ia,  by  tha  area  oced. 

Thua,  the  intarnal  work  dona  by  a  real  comproaaor,  aa  wall 
aa  all  componanta  of  thla  work,  can  ba  rapraaantad  vary  clearly 
in  th*  TS-diagraa. 

Let  ua  now  conaider  aoaa  apacial  features  of  air  compraaalon 
in  tha  aultiataga  coapraaaor. 

Tha  procaaa  of  changing  tha  air  atata  during  air  compraaalon 
in  a  aultiataga  coapraaaor  la  ahown  in  tha  pv-diagraa  in  figura  54. 
Air  coapraaaion  in  tha  ideal  coapraaaor  will  taka  placa  along 
tha  adlabat  ac>d,  and  tha  coapraaaion  adiabata  in  tha  individual 
atagaa,  al",  1*2",  and  2"c'>d  colncida 


Figura  54i  Dlagraa  of  air  coapraaaion  in  * 
a  aultiataga  coapraaaor. 

Tha  adiabatic  haad  of  tha  coapraaaor  aa  a  whola  la  rapraaantad 
by  tha  area  Ode#da,  and  tha  adlabatlo  haada  of  tha  individual  atagaa 
of  tha  ideal  coapraaaor  ara  rapraaantad  by  tha  araaa  Obl"a,  bc2"l», 
and  cdc>d2",  reapec tlvely . 

In  tha  raal  aultiataga  coapraaaor  tha  coapraaaion  prooaaa  will 
taka  placa  along  tha  adlabat  with  index  n,  which  in  general,  will 
ba  different  for  tha  dlffarant  atagaa.  In  the  apacial  caaa  whan 
n  ia  identical  for  all  atagaa  tha  coapraaaion  polytropaa  for  tha 
coapraaaor  aa  a  whola,  aa  wall  aa  for  lta  individual  atagaa,  will 
*>e  coaaon  (will  coincide). 

Figura  54  ahowa  tha  coapraaaion  polytropa  for  a  aultiataga 
coaprooaor  aa  tha  curve  ac.  Sactlona  al,  12,  and  2c  of  thla  curve 
ara  tha  coapraaaion  polytropaa  for  tha  individual  coapraaaor  atagaa. 

Tha  actual  air  atata  at  tha  outlet  of  tha  firat  ataga  la 
eetabllahad  at  point  1,  at  tha  outlet  of  tha  eacond  ataga  at  point 
2,  ate.  Accordingly,  tha  coapraaaion  adiabata  for  tha  individual 
atagaa  will  ba  tha  curvaa  al»,  12-,  2J',  .tc.  (thaaa  adiabata 
auat  ba  developed  from  tha  pointa  eatabllahing  tha  actual  air 
•tata  at  tha  inlet  to  tha  stage  in  queetlon). 
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...  .  ‘  polytropic  compraaalon  work  don.  by  th.  individual 

pllT  1  '  ^  th#  °bl"  bC2'*  Cde2*  total 

polytropic  work  don.  by  th.  eo.pr...or  a.  ,  vhol.  l8  0dc. 

Z'lZ  ZlZtT'*'* by  of  th- poly—  —  -»•  * 

L  -  r  L 

PC  P.t 

r..l  h“dS’  -*  in  th*  tn-ividu.1  .tag..  of  th. 

.  t°T'  0bl"a’  bC2U>  “d  Cd3'2-  14  l.  readily 

‘  *b<“  th#  SU"  °f  th»”  **•—  i-  *r..t.r  than  ar.a  Ode  a,  „ 

Z  ‘  r; r  f°r  th*  C°"Pr*“"  “  •  —  *-  than'. he’ 

of  th.  adiabatic  head,  in  th.  individual  .tag.. 


L* 

•d 


<  £  L* 


'•d 


■  t 


.  Th!‘  dlff*r*ne*  *'  "pl“ln'd  fy  th.  fact  that  th.  actual 
th.  t«  "V*  th#  °Utl,t  °f  *“eh  p”°*dln«  is  higher  than 

.i; "  i:  r  “ th* #nd  °f  th*  *di—  *„  th.t 

b.twa.n  L*  '  ^n  °th«ord-'  th.  di.cr.p.ncy 

.  *d  c  L*d  mt  im  •xpl«in»d/gr«»t»r  h«atin*  of  th«  *ir 

in  aach  .tag.  than  would  b.  sneountar.d  in  th.  id..Wo-pr ...M 
It  i.  obviou.  that  th.  discrepancy  b.tv..n  L#  ,nd  th.  „ 
,iu  incr....  with  an  i„cr..a.  i„  th.  of  .tag. 

-  **»  -  * —  *■  <»•  »»».>..  „  z 

a.  a  l‘tlnt*rn*\''0rk*  Li  •’  d°n*  by  th*  "“itists*.  co.Pr...or 

din  r IT’  n*  ‘Uy  “•  fl”d  “  th*  •“  <*  th.  internal  vork 
dona  by  tha  Individual  stagaa 

Li  "  ELi  • 
c  lat 

d.  "°W*V,r-  th*  'o-Prs.sion  ratio  i„  .  .ulti.tag.  co.pr.aaor 
d.p.nd.  on  th.  -.gnituda.  of  th.  cpr...ion  ratio,  in  ..eh  it^t 
and  i.  .qual  to  th.ir  product.  **  ’ 

3*  SffHPrttf Or  Effici.nr.v  mv\A  r^T1-r 

at  bvA‘  ‘  rU.1*’  th*  *ffiCi,nCy  °f  th*  "*1  COB*pr.asor  i.  .rriv.d 
•  t  by  c  o.  pa  ring  it  vith  th.  id.al  co.pr..aor. 

n.rtiThI  °f  C0"P*ri‘0n  “”d  — oisd  co.pr...or.  in 

particular,  and  th.  co.pr.aaor.  u..d  in  aviation  ga.  turbin. 

[TlW'Z  °f  thl‘  C“**0ry*  ia  th*  uncool.d  co.pr.aaor 

IldLIhl  iT’"1*1  ’,°rk  d°n‘  1‘  *qUal  »di«bstic  ha  ad, 

is  th.  .lni.un  r.quirad  to  co.pr.aa  th.  air  to  a  giv.n  praa- 
•ura  in  an  uncoolad  co.pr.aaor,  P 

air  °f  th#  *di,b*tle  h«d-  L;d  c-  corra.ponding  to 

Sir  coapraaaion  to  a  giv.n  pr.a.ura,  to*^  int.rnal  vorl!  L 

“Cluaiv  °f  -«‘**"i«l  loa.a.)  actually  don.  i„  th.  co.pr.l.ol 
to  oo-pr...  th.  air  to  th.t  ....  pr.a.ur.,  t.  c.11#d  t„. 
aor  adl.h.tlc 


ad  C 


Lad  C/Li 


(5.10) 
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Since,  according  to  the  preceding  equation, 


Li  c  "  (Lr  +  Lv)' 


+  VLi 


(5.11) 


the  adiabatic  efficiency  only  take,  into  consideration  those 
energy  losses  (work  done)  associated  with  the  presence  of  hydraulic 
resistances.  The  greater  these  resistances,  the  lower  the  adiabatic 
efficiency.  However,  ths  magnitude  of  the  work  done  by  the  hydraulic 
resistances  in  a  compressor  cannot  be  established  directly  by  the 
adiabatic  efflclancy.  Tor  example,  if  ^  c  .  0.8,  20  *  of  the 
work  done,  L±  c,  is  lost  (as  compared  to  the  ideal  coaipreasor) 
simply  because  of  the  presence  of  the  hydraulic  resistance.  But, 
as  will  be  seen  from  the  equation  at  (j.ll),  the  work,  L  ,  done 
to  properly  overcome  th.  hydraulic  resistance,  i.  1...  t£.n  20  % 
of  work  Lt  c.  The  magnitude  of  the  hydraulic  resistances  in  a 
compressor  can  only  be  determined  indirectly  from  the  value  of 
^ad  c  * 

After  substituting  th.  expression  for  work  L,  in  the  equa¬ 
tion  at  (5.5)  in  equation  (5. 10),  we  obtain  1 

’’ad  c  "  LId  c/,°*.5(T*  -  T*).  (5.12) 

rrom  whenc a  w.  find  th.  actual  increase  in\'i.  temperature 
in  tha  coRprauor 


4tc  -  T*  -  T*  -  L*d  c/l02.S  ^ 


(5.13) 


Th.  adiabatic  efficiency  of  a  multistage  compressor  is  1... 
than  the  adiabatic  efficiency  of  its  individual  stages.  Th.  fol¬ 
lowing  discussion  will  be  th.  basis  for  th.  statement. 

Ut  u.  ...urn.,  for  simplicity*,  e.k.  that  the  adiabatic 
efficiencies  and  head,  for  all  compressor  stage,  are  identical. 
This  being  so,  the  internal  work  done  in  each  stage  will  be  the 
and  if  a  th*  nuabar  of  atagas 


I  L* 

ad  at 


»L* 

ad  at 


ELi  et  ■  *Li  st  ■  Li  c* 

Hence,  w.  can  writ.  th.  following  for  th.  adiabatic  efficiency 

of  a  stage 

’’ad  st  “  LId  et/Li  st  *  ELId  st/Li  c* 
that  is,  the  adiabatic  efficiency  of  a  stag,  will  be  equal  to 
th.  ratio  of  th.  sum  of  th.  adiabatic  heads  for  all  stage,  to 
the  internal  work  don.  by  th.  compressor  a.  .  unit.  At  the  .... 

time,  th.  adiabatic  efficiency  of  th.  compressor  is  r)  .  ,Le  A, 

«d  c  ad  e'  ic* 
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But  it  was  shown  abova  that  L*d  c  <  EL*d  so  T)^d  c  <  T^d  #t, 

and  this  discrepancy  increases  with  increase  in  the  number  of  stages 
The  magnitude  of  compressor  adiabatic  efficiency  for  present 
day  aviation  gas  turbine  engines  is  (at  the  design  point): 

^ad  c  "  to  0.88  for  axial-flow,  multistage  compressors) 

riMd  c  ■  0.86  to  0.90  for  individual  stages  in  axial-flow 
compressors ) 

t)^d  c  »  0.72  to  0.78  for  centrifugal  (single-stage)  compressors 
The  polytropic  efficiency  too  is  often  used  to  assess  compres¬ 
sor  efficiency. 

Compr.f.or  polytropic  .fflcl.ncv  1.  d.fin.d  ..  th.  ratio  of 

the  total  polytropic  work,  L  ,  required  to  compress  the  air  to 

P  c 

pressure  p*f  to  the  internal  work  done  by  the  compressor,  c, 
to  compress  the  air  to  that  same  pressure 

'p-So^lc  <5-,4> 

According  to  the  equation  at  (5.7)1 

L  -  L,  -  L 
pc  i  c  r 

so 

np  -  1  -  LrAt  c  (5.15) 

fro.  wh.nco 

Lr  ■  U  -  ’lp)  e. 

So  we  see  that  the  convenience  of  using  the  polytropic 
efficiency  resides  in  the  possibility  of  making  a  direct  deter¬ 
mination  of  the  hydraulical  losses  in  the  compressor  and,  conse¬ 
quently,  of  the  index  of  the  compression  polytrope  as  wsll. 

It  is  readily  seen  that  the  polytropic  efficiency  is  always 
greater  than  the  adiabatic  efficiency,  because  c  >  L*d  c . 

For  modern  axial-flow  compressors,  T)p  ■  0.86  to  0.90  (in 
individual  cases  as  high  as  0.92),  and  for  centrifugal  compres¬ 
sors  rj  ■  0,76  to  0.80. 

P 

The  work,  c,  added  to  the  air  in  the  compressor  is  always 
slightly  less  than  the  work  done  in  driving  the  compressor  because 
the  compressor  has  mechanical  losses  associated  with  friction  in 
its  bearings  and  in  the  transmission  (if  any).  These  loeses  are 
taken  into  consideration  in  the  compressor  mechanical  efficiency, 
established  through  the  relationship 

’U  c  ■  L1  c/Lc  <5-,6> 

where  Lc  is  the  effective  work  done  by  the  compressor,  that  is, 
the  work  done  in  driving  the  compressor,  and  including 
mechanical  losses  equated  to  1  kg  of  compressed  air. 

For  modem  centrifugal  and  axial-flow  compressors,  c  *  0,98 
to  O.99.  High  is  explained  by  the  fact  that  aviation  gas 
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turbine  angina  compressor  shafta  tra  mounted  in  anti-friction 
bearinge,  and  tha  coaprasior  rotora  ara  usually  drivan  diractly 
off  tha  turbina  shaftv  without  intermediate  transmissions • 

All  anargy  loaaas  in  tha  compressor,  aachanical,  aa  wall  as 
thoaa  aaaociatad  with  tha  hydraulic  resistances,  ara  takan  into 
conaidaratlon  in  tha  ovarall.  or  affactlva  efficiency  of  a  coapres- 
aor,  tic>  This  afficiancy  is  aqual  to  tha  ratio  of  tha  adiabatic 
haad  to  all  tha  work  dona  by  tha  compressor,  that  ia,  to  tha 
affactlva  work  dona  by  tha  coutprasaor 

’'c-^dcAc  (5.17) 

or 

"c  ■  \d  c’W  c-  (5.18) 

Knowing  tha  aagnltuda  of  tha  affactlva  afficiancy,  it  ia 
possible  to  find  tha  required  compressor  rating  for  a  given  air 
flow  and  a  known  aagnltuda  of  adiabatic  haad. 

Since  tha  work  dona  per  second  to  drive  tha  coapraasor  can  be 
astabliahad  by  multiplying  tha  weight  flow  par  second  of  air,  0  , 
through  tha  coapraaaor  by  work  Le,  tha  rating,  Ne,  required  for 
tha  coapraasor  will  ba 

Mc  ■  Vc/”  *  V*d  c/^ad  c\  c  (5.'9) 

Compraaaora  in  aodam  turbojat  anginaa  hava  axtraaaly  high 
rat lncaf  froai  approxiaiataly  10,000  to  15,000,  to  aa  hich  aa  40,000 
to  45,000,  hp,  and  highar. 

'*•  fund—antals  of  Aslal.riow  Coapraasor  Theory 

YtlOCity  Plan  and  Internal  Work  Dona  bv  a  Stew. 

A  achamatic  diagram  of  an  axial-flow  coapraaaor  ia  ahown  in 
f if ura  55.  Tha  principal  coaipraaaor  dimanaiona  arai 

Dw  ia  th*  0ut8*d*  diamatar  of  tha  rotor  whaals 
Dhub  tha  hub  diamatarj 

5  hub"Dhub/Dw  ll  th*  ralativa  hub  diamatari 
Doaan“Dw4Dhub/2  ia  th*  "**n  of  tha  rotor  whaal| 

h  ia  tha  blada  halght. 

If  tha  bladaa  of  an  axial -flow  coapraaaor  ara  aiada  to  lntar- 
aact  a  cylindrical  aurfaca  at  aoaa  diaaatar  D  concantric  to  tha 
coaipraaaor  axia,  and  if  tha  intaraaction  aurfaca  la  davalopad  on 
tha  plana  of  a  drawinc  tha  davalopaant  will  provlda  ao-callad 
caacadaa  of  rotor  vhaale  and  pra-rotatlon  vanaa  (fig.  36),  and 
tha  caacadaa  of  rotor  whaala  appaar  to  ua  aa  Moving  at  valoclty  u, 
aqual  to  tha  circumfarantial  valocity  of  tha  rotor  whaal  at  glvan 
diaaatar  D. 


G  Rtf  S 


Figure  55*  Schamatic  diagram  of  an  axial-flow 
coapraasor. 
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A  Client  is  defined  as  a  ssriss  of  identical  aerodynamic 
profilss  arranged  on  tone  surface  equideatant  from  each  other. 

If  the  profiles  are  arranged  parallel  to  each  other  on  the  plane 
the  cascade  is  called  rectilinear.  However,  if  the  profiles  are 
arranged  on  a  cylindrical  surface,  as  in  an  axial-flow  compressor 
for  example,  the  cascade  formed  by  them  ie  called  a  circular  cas¬ 
cade. 

The  set  of  rotor  wheel  cascades  and  the  pre-rotation  vanes 
following  them  are  called  an  elementary  stage. 

The  principal  geometric  and  aerodynamic  parameters  of  a  cas¬ 
cade  are  (fig.  57) « 


t«n  d/s 


b/t 

9',  and  0* 

0 ,  and  02 

1  '  »i  *  *2 
•  ■  *  »; 


is  the  cascade  pitch  for  a  given  diameter,  D,  and 
number  of  blades,  i| 
is  the  profile  chord! 
is  the  cascade  solldityi 

are  the  angles  at  which  the  profiles  are  Installed 
at  Inlet  and  outlet,  respectively! 
are  the  air  flow  inlet  and  outlet  angles! 
is  the  incidence  for  the  profile! 
la  the  blade -camber  angle! 
is  the  maximum  profile  thickness. 


The  principal  cascade  parameters  In  an  axial-flow  compressor 
generally  change  In  a  radial  direction,  that  is,  with  the  height 
of  the  blades.  Consequently,  an  axial  compressor  stage  (a  complete 
•logo)  Is  a  set  of  individual,  elementary  stages. 

Let  us  consider  the  air  movement  through  an  elementary  stage 
In  an  axial-flow  compressor  (fig.  56).  Air  moving  at  velocity  c^ 
approaches  the  guide  vane  (o)  located  in  front  of  the  first  stage 
rotor  wheel,  moving  axially. 

The  air*  the  guide  vane  outlet  will  not  only  be  moving  axially, 
but  circumferentially  as  well.  In  othsr  words,  the  guide  vanes 
Impart  an  entry  spin  to  the  air,  the  magnitude  of  which  is  deter¬ 
mined  by  the  circumferential  component,  c1(J,  of  the  absolute 
velocity,  Cj,  at  the  guide  vane  outlet. 

The  entry  spin  In  the  guide  vane  can  be  imparted  in  the  direc¬ 
tion  the  rotor  wheel  is  moving  (in  the  direction  of  rotation,  +c.  ). 

lu'  * 

well  as  against  that  direction  (against  the  direction  of  rota¬ 
tion,  -  elu).  Both  types  of  entry  spin  are  found  in  existing 
•xi,l*Tlow  compressors,  as  Is  a  purely  axial  entry  of  air  (in 
which  case  there  are  no  guide  vams). 

Thus,  the  air  approaches  the  rotor  blades  with  absolute 
velocity  c^,  and  at  some  angle  relative  to  the  compressor  axis  in 
the  general  case. 
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Figure  561  Schematic  diagram  of  the  vane  cascades 
in  an  axial-flow  compressor. 

Th.  air,  while  in  the  rotor,  is  exposed  to  the  effect  of  the 
moment  of  the  external  forces  caused  by  the  action  of  the  rotor 
blades  on  the  flowing  air,  so  that  its  angular  momentum  relative 
to  the  axis  of  rotation  of  the  rotor  (of  the  compressor  rotor) 
is  increased!  that  is,  the  air  is  whirled  in  the  direction  of 
rotor  rotation.  The  air  leaves  the  rotor  with  absolute  velocity 
c2,  the  circumferential  component  of  which,  c2u,  usually  coincides 
with  the  direction  of  rotation  of  the  rotor. 

The  air  enters  the  straightener(s)  beyond  the  rotor  wheel 
with  velocity  c2,  and  leaves  it  with  velocity  c^.  IT  velocity  e. 
is  less  than  velocity  c2,  the  air  pressure  in  the  straightener  is 
increased  (due  to  the  conversion  of  kinetic  energy  into  potential 
energy),  and  the  straightener  functions  in  this  respect  like  a 
diffuser.  However,  if  velocities  c }  and  c2  are  equal  in  magnitude, 
the  straightener  functions  like  a  simple  flow  deflector  and  there 
is  no  conversion  of  velocity  into  pressure. 


U-Ai 


Figure  5 7 1  Principal  parameters  of  a  cascade. 

The  axial-flow  compressor  stage  is  very  often  designed  so 
velocities  and  cx  are  equal  in  magnitude  and  direction.  Now 
there  is  no  change  in  the  kinetic  energy  of  the  air  in  the  stage, 
an  the  external  work  input  is  only  used  to  compress  the  air  and 
to  overcome  the  hydraulic  resistances  in  the  stage. 
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The  magnitude  and  direction  of  absolute  and  relative  air 
velocities  in  the  stage,  as  well  as  their  circumferential  and 
components,  are  established  through  velocity  triangles. 
Figure  58  shows  the  velocity  triangles  at  the  inlet  to  the  rotor 
cascade,  and  at  its  outlet  when  the  entry  open  given  the  air  is  in 
a  direction  opposite  to  that  of  the  rotor. 


u 


Figure  58i  Velocity  triangles  for  a  rotor 
cascade . 

It  has  already  been  pointed  out  that  the  axial  velocity  of 
the  air  flow  in  a  compressor  is  kept  constant,  or  is  slightly  re¬ 
duced,  from  the  first  to  the  last  stage.  However,  even  in  the 
latter  case,  the  axial  velocity  in  an  individual  stage  can  be  taken 
as  constant*  clB  ■  c2a  •  c 3>.  Moreover,  the  circumferential  blade 
velocities  at  the  rotor  inlet  and  outlet  are  equal  for  a  given 
diameter  ( U 1  ■  u2).  Therefore,  it  is  convenient  to  consider  the 
velocity  triangles  as  congruent.  Congruent  velocity  triangles  for 
a  rotor,  called  a  velocity  plan,  are  shown  in  figure  59,  where  (as 
in  fig.  58) i 

c  1  and  c2  ar®  th®  absolute  air  velocities  before  and  after 

the  rotor; 

°1u  *nd  c2u  ar®  th®  Circumferential  components  of  velocities 

c,  and  c2( 

°a  “  c1a  ■  °2a  is  th®  axial  component  of  the  absolute  air  velo- 
city  in  the  compressor; 

*1  and  w2  are  the  relative  air  velocities  at  the  rotor  in¬ 

let  and  outlet) 

*1u  *nd  w2u  ar®  th®  circumferential  components  of  velocities 

w,  and  w2i 

ai  and  a2  are  the  angles  between  the  directions  of  veloci¬ 

ties  c1  and  Cj,  and  the  direction  of  the  cir¬ 
cumferential  velocity! 

3,  and  @2  are  the  anglesbetween  the  directions  of  veloci¬ 

ties  Wj  and  w2,  and  the  direction  of  the  circum¬ 
ferential  velocity* 

u  is  the  circumferential  velocity  of  the  rotor  for 

a  given  diameter; 

Acu  "  c2u  "  clu  ls  th*  *ir  »Pln  acquired  in  the  rotor  for  a  change 
in  velocity  (with  respect  to  direction)  from 
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What  follows  from  tha  plan  la  that 

C.'r  U  — 

C.»  ~  W'|# — It, 

from  whence,  and  remembering  that  tha  antry  open  waa  oppoaita  to 
tha  diraction  of  operation,  we  obtain 

Acu  =  C.,  —  (_  <•„) »  H>,„  —  x.„ 

or  putting  it  another  way,  wa  can  alao  dataralna  tha  air  apln, 

Acu’  in  the  rot<>r  through  tha  difference  in  tha  circumferential 
components  of  tha  relative  velocities. 

If  tha  axial  velocity,  ct,  at  the  rotor  inlet,  the  entry 
spin,  c1(j,  the  circumferential  velocity  u,  and  the  air  spin,  4c  , 
in  the  rotor  are  known,  all  the  other  velocities  in  the  stage,  and 
their  directional  angles,  can  be  found  from  the  velocity  plan. 

In  order  to  determine  the  circumferential  velocity,  u,  and 
the  air  spin,  cu,  in  the  rotor,  wa  must  know  the  relationship 
between  these  magnitudes  and  tha  external  work  added  to  1  kg  of 
air  in  the  rotor,  that  is,  the  internal  work,  L±  .  ,  done  in  the 
stage.  This  relationship  can  be  eetablished  on  the  basis  of  the 
equation  for  angular  momentuma,  which  can  be  written  as  follows 
with  reference  to  the  axis  of  rotation  of  the  compressor  rotor, 
and  as  applicable  to  1  kg  of  air  flowing  through  the  rotor  blades 
in  a  stage  with  radius  r. 


Now,  multiplying  the  torsional  moment  M>t,  by  the  angular 
velocity, u>  ,  of  rotor  rotation,  we  obtain  the  sought  for  Internal 
work  done  in  the  stage 

Li  st“  “*st  "  Tr,>“ -‘U  i 
but  rx  -  u  and  (c,u-c,„)  .  4eu,  so 

Li  st  ■  (5.20) 

Prom  whence  it  is  seen  that  for  a  given  circumferential 
velocity  u,  the  air  spin,  4cu,  in  the  rotor  and,  consequently, 
the  internal  work  (head,  compression  ratio)  done  in  the  stage  as 
well,  will  increase  with  a  decrease  in  the  entry  spin  along  the 
path  (+cju)«  The  spin,  ^cu,  in  the  rotor  will  increase  to  an  even 
greater  degree  if,  for  the  same  velocity,  u,  an  entry  spin  in  the 
opposite  direction  (-clu)  is  imparted  to  the  air,  since  in  this 
case  r„n  (fig.  59).  At  the  same  time,  the 

relative  inlet  velocity,  «t ,  will  also  increase  (for  given  values 
of  velocities  c#  and  u). 

If  there  is  no  entry  spin  (clu  >  o),  and  if  the  circumferential 
component  of  the  absolute  outlet  velocity  is  c2u  .  u,  4c  »  u,  and 
the  work  done  in  the  stage  will  be 

Li  .t  ‘  u2/«- 


(5.21) 
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Th.  ratio  between  th.  adiabatic  h..d  for  tho  .tag.  and  thl. 
work  la  uaually  callad  tha  haad  praaaura  coafflclant  (ralatlva 
haad)  for  an  axial-flow  coapraaaor  a taco,  and  la  deelgnated  fl 

"  Lad  at/V*  *  (5.22) 

Knowing  th.  haad  pre.eur.  L*,  <t.  .mi  given  th.  coafflclant 
fl,  wa  can  find  tha  required  clreuaifarantlal  velocity  for  tha  at  awe 
through  tha  formula 

U  -V«*4d  ,t/fl  (5.23) 

Axial-flow  coapreaaora  uaed  In  turbojet  engine,  have  fl-O. 15 
to  0.30,  and  u  .  240  to  300  for  th.  dl.a.t.r  of  th. 

rotor  (In  individual  c.a.a  fl  will  r.ach  0.35  to  0.40,  and  u  350 
to  370  a/eec). 


rigure  59i  Velocity  plan  for  a  rotor  caacade. 
gg.preaeor  Stax.  »..ctin.  MAjll 
The  work,  tj  at ,  dona  in  a  ataga  la  expanded  on  polytroplc 
air  compreaelon,  on  lncraa.ing  tha  alr’o  kinetic  energy  (ir  c,>c  ), 
and  in  overcoming  re.i.t.nc.  in  th.  .tag..  Th.  ....  work  dona  In 
the  .tag.  to  co.pr.aa  the  air  and  ...oclated  with  Incre.aing  the 
air  preeaure  can  be  di.tribut.d  in  different  way.  between  th.  rotor 
and  the  etr.lght.n.r  after  it  (air  co.pre.aion  occur.  In  the  latter 
ae  a  reault  of  the  reduction  In  air  velocity). 

In  order  to  d.acrlb.  th.  dl.tributlon  of  all  th.  co.prea.lon 
work  done  In  a  .tag.  (or  the  totot.l  incre...  in  preeaure)  between 
th.  rotor  and  the  etr.lght.n.r,  we  will  introduce  th.  concept  of 
a  compresaor  atage  reaction  ratio. 

Th*  £gU>rtM°r  Vtage  reaction  ratio  p<;  i,  the  r.l.tlon.hip 
between  the  adiabatic  work  done  to  coapreee  the  air  in  the  rotor, 

Lad  wh  *nd  th«  internal  work  done  in  th.  .tag.  L.  (the  theo¬ 
retical  head)  l.e.  1  st 

pc  *  «  •  L«d  w»/u'ieu-  (5.24) 

If  there  are  no  loeeee  in  the  rotor  (Lr  wh  ■  o)  work  L 
will  be  expended  in  the  adiabatic  coepreaelon  and  In  increasing 
th.  kinetic  energy  of  th.  air  flowing  through  the  rotor.  There¬ 
fore,  in  thia  case  the  adiabatic  air  coepreaelon  work  done  In  the 
rotor  wiJ 1  be 


(5.25) 
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Let  ua  txprata  velocities  c ^  end  c  l  in  ten*.  of  their  circum¬ 
ferential  and  exlei  coaponents,  aseimlnc  that  the  axial  coaponente 
are  equel|  e|,  *  egm •  Then, 


el - ' ;  ”  e'i. — «?.  -  +  Olf* —  <■„)• 

Moreover,  eu  —  c,k  -  Ac,.  f.„ -c„  +  A<„,  ,  eo  we  can  write 


Lad  wh  “  ■~t—1 y&.+  20 


(5. *6) 


Substituting  this  dspsndsncs  in  ths  expression  for  ths  rssctlon 
ratio  (3.24),  and  reducing,  we  obtain 


Pa-  l* 


(5.27) 


Vhat  follows  now  is  that  for  spacifiad  valuas  of  rotor  circua- 
farantial  velocity,  u,  and  air  spin,  6cy ,  in  tha  rotor,  ths  raaction 
ratio  pc,  and  consequently  tha  distribution  of  tha  total  air  coapres- 
sion  work  dona  in  tha  stag*  batwaan  tha  rotor  and  tha  straight anar 
wall,  dapand  only  on  tha  aagnituda  and  diraction  of  tha  antry  spin, 
c1(j,  bafora  tha  rotor* 

Tha  lass  tha  antry  spin  in  tha  diraction  of  flow  (♦  clu),  or 
tha  graatar  tha  spin  in  tha  opposita  diraction  ( — c  |U ) •  tha  highar 
tha  staga  raaction  ratio,  that  is,  tha  graatar  will  ba  tha  amount 
of  total  coaprtsaion  work  dona  in  tha  rotor,  and  tha  smaller  will 
ba  that  dona  in  tha  straightanar. 

If  tha  raaction  ratio  is  pfi  ■  1,  all  air  compression  (all 
tha  prassura  incraasa)  takas  placa  in  tha  rotor,  and  thara  is  no 
prasaura  Incraasa  in  tha  straightanar*  Now  (pfi  ■  l)  through  tha 
foraula  at  (3*27)  we  find 

(5*28) 


in  other  words  tha  antry  spin,  Cju,  given  tha  air  should  ba  opposite 
in  diraction  to  rotor  rotation. 

If  tha  raaction  ratio  is  pc  ■  O,  only  tha  kinetic  energy  of 
the  air  is  increased  in  tha  rotor,  and  pressure  is  not  increased 
(thara  is  no  compression) .  All  tha  air  compression,  and  tha  cor¬ 
responding  incraasa  in  air  prassura,  takas  placa  in  tha  straightanar 
(because  of  tha  reduction  in  tha  air  valocity  that  occurs  in  it). 

Now,  from  tha  foraula  at  (3*27),  we  have 


r, (5-29) 
Since  it  is  usual  for  4cu<u,  tha  initial  air  spin  in  this 
case  should  ba  directed  in  tha  direction  of  rotation  of  tha  rotor 

(+C1U>- 

The  two  extrema  cases  considered  above  (pc  ■  1  and  pc  ■  0) 
are  never  encountered  in  practise*  Existing  axial-flow  compres¬ 
sors  usually  have  intermediate  reaction  ratios,  and  very  often 
Pc<«0.5t  that  is  tha  total  air  compression  work  is  divided  evenly 
between  tha  rotor  and  stralghtener . 


RA-0 17-68 


105 


Th*  preliminary  spin  providing  pc 
fonuli  at  (5 .27) 

»• _ 11 


*  0.5  is ,  according  to  the 


(5.30) 


end  should  be  directed  with  compressor  rotation  because  u  >  Ac  . 

Vh*n  Pc  “  0,5»  th*  v«lodty  plan  Is  sysattrical,  and  the  cor¬ 
responding  velocities  and  flow  angles  prove  to  be  Identical  in  the 
rotor  and  the  straightener •  Therefore ,  the  rotor  and  stralghtener 
are  Identically  loaded  and  can  have  completely  identical  blade 
shape  and  dimensions.  In  addition,  minimum  losses  (profile  losses) 
are  obtained  in  the  rotor  and  straightener  cascades.  As  a  result, 

Pc  •  °«5*  or  a  so-called  50%  reaction  ratio  is  used  in  many  axial- 
flow  compresso re  for  aviation  gas  turbine  engines. 

Cgnytpt  of  th.  Supersonic  St...  In  .n  Axlel-flow  Conor. ..or 

A  reduction  in  disaster  .nd,  consequently ,  .  reduction  in  th. 
weight,  of  an  axial-flow  coapreeeor  for  a  given  air  flow,  that  la, 
an  incr.a.e  in  coapra.aor  capacity  for  th.  air  flow  through  it. 
fir.t  .tag.,  1.  obtaln.d  by  incr.a.ing  th.  axial  velocity,  c  ,  of 
th.  air  at  th.  compressor  inlet. 

Another  important  way  to  reduce  coeipr.a.or  weight  1.  to  in- 
craa.e  the  head  pressure  developed,  or  the  degree  to  which  th.  pres- 
■  ure  in  on.  .tag.  i.  lncreaa.d,  and  th.  nuab.r  of  .tag.,  a.aoclated 
with  thl.  reduction  for  given  which  1.  in  turn  achieved  by  in¬ 
creasing  th.  clrcuaf.r.ntial  velocity,  uc>  of  the  coapra.aor  rotor, 
all  other  condition,  being  equal. 

However,  a  alaultaneoua  incr.a.e  in  velocities  c  and  u  1. 

a  c 

extreaely  liait.d,  b.cauee  the  relative  velocity,  w^,  of  the  air 
wa.hlng  the  blade.,  which  have  conventional  profile.,  rapidly 
approaches  the  speed  of  aound.  The  ra.ult  le  a  eharp  increase  in 
loss.,  in  th.  .tag.,  causing  an  unacceptable  reduction  in  stage 
efficiency . 

In  order  to  achl.ve  a  significant  Increase  in  the  circumferen¬ 
tial  velocity  of  the  compressor  blades,  and  at  the  same  time  ensure 
high  compressor  capacity  by  high  values  of  inlet  velocity,  c>t  and 
retain  acceptable  magnitudes  of  compressor  efficiency  while  doing 
•o,  a  transition  must  be  made  to  so-called  supersonic  stages. 

A  supersonic  axial-flow  compressor  stags  is  defined  as  a  stage 
in  which  the  relative  air  velocity  at  the  rotor  inlet  or  at  the 
straightener  inlet  (or  at  both  at  the  same  time)  exceeds  the  local 
spaed  of  sound.  And  the  circumferential  velocity  of  the  rotor  is 
limited  only  by  structural  strength,  and  can  be  increased  signifi¬ 
cantly  as  compared  with  the  permissible  velocity  for  a  conventional 
subsonic  stage. 

The  characteristic  differsnee  in  the  supersonic  stage  le  that 
shock  waves  develop  in  the  vane  channels  of  the  cascade  carrying 
the  supersonic  flow.  These  channels  also  cause  the  transition  from 
supersonic  air  velocity  to  subsonic  air  velocity.  In  addition,  in 
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the  supersonic  ittfe  the  profiles  of  the  blades  carrying  the  super- 
sonic  flow  should  have  pointed  leading  edgee,  because  only  in  this 
way  can  the  shock  waves  be  inside  the  vane  channels  and  can  a  large 
area  of  the  profile  surface  be  washed  by  the  subsonic  flow.  On 
the  other  hand,  if  conventional  subsonic  profiles  with  blunt  lead- 
lng  edges  are  used  for  these  blades,  a  shock  wavs  with  a  curvi¬ 
linear  front  will  develop  in  front  of  sach  profile  (blade).  A  sone 
of  subsonic  velocity  will  follow  this  shock  wavs.  But  the  velocity 
will  Increase  again  further  on  in  the  direction  toward  the  cascade, 
so  that  during  subsequent  washing  of  the  profiles  in  the  cascade 
(the  blades  of  the  rotor  or  straight ensr)  alsiost  all  of  their  sur¬ 
faces  will  be  subjected  to  supersonic  velocity.  This  will  result 
in  an  unacceptable  increase  in  stage  losses. 

Generally  speaking,  an  elementary  supersonic  stage  for  an 
axial-flow  coapressor  can  be  designed  in  different  ways.  As  an 
example,  let  us  consider  the  conventional  design  employed,  wherein 
the  relative  supersonic  velocity,  wf,  at  the  rotor  inlet  (wf  >  a., 
that  is,  Mj  >  l)  is  subsequently  transformed  into  a  subsonic  velo¬ 
city  by  one  normal  shock  wave,  two  oblique  shock  waves,  or  one 
normal  and  one  oblique  shock  wave.  Velocity  c2  at  the  inlet  to 
the  stralghtener  too  is  subsonic  (c2  <  a2).  Moreover,  let  us  simpli¬ 
fy  the  example  by  assuming  that  the  direction  of  the  relative  velo¬ 
city  of  the  air  does  not  change  in  the  rotor  (p  1  •  <*2). 

The  profile  cascades  of  the  guide,  rotor,  and  stralghtener 
in  this  eupersonic  stage  design  are  shown  in  figure  60,  and  the 
corresponding  velocity  triangles  in  figure  6l.  In  this  case  the 
air  is  given  a  preliminary  counterrotat ional  spin  in  the  guide  (g) 
and  approaches  the  rotor  at  an  absolute  subsonic  velocity,  c.  How¬ 
ever,  relative  velocity,  w^,  becomes  supersonic  as  a  result  of  the 
high  value  of  the  circumferential  velocity,  u,  and  the  effect  of 
the  direction  of  the  preliminary  spin.  The  transition  from  a 
relative  supersonic  velocity,  v^,  to  a  subsonic  velocity,  w2, 
takes  place  in  the  shock  waves  Inside  the  vane  channels  of  the 
rotor.  The  air  leaves  the  latter  at  an  absolute  subsonic  velocity 
c2,  which  is  subsequently  reduced  to  magnitude  c^  in  the  stralght¬ 
ener.  Thus  of  all  the  velocities  only  one  velocity,  wf,  exceeds 
the  local  speed  of  sound.  All  others  ars  subsonic. 


Figure  60s  Schematic  diagram  of  a  eupersonic  stage. 
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!>•(  us  nots  In  conclusion  that  s  aorstl  shock  vsvs  or  s  sys- 
of  obllqus  snd  nomsl  shock  wavss  In  ths  vans  channels  of  a 
supsrsonlc  stage  in  an  axial-flow  coaprsssor  will  causa  no  alg- 
nlficant  reduction  in  ths  stage  sfflciancy,  bscauas  at  relatively 
low  supersonic  velocities,  ths  losses  in  ths  shock  waves  are  anall 
coapared  to  the  other  types  of  losses  in  ths  state,  such  as,  for 
sxanpls,  coapered  with  flow  separation  after  ths  shock  wavs,  and 
ths  other  types  of  losses  discussed  earlier. 


1/igure  6 1 1  Velocity  plan  for  a  supsrsonlc 
stats  whan  8  1  a  j>2 . 

3-  Ctntrlfutsl  Compressor  Theory  in  Brief 

Ths  principal  dimensions  of  a  centrifugal  coaprsssor  are 

(flf  <a)» 

D2  Is  the  outside  disaster  of  ths  lnpelleri 
Dj  is  ths  lapallsr  inlet  disaster) 

Do  11  th*  iapsllsr  hub  dlaastsri 
°av  *•  the  a vs rate  dlaastsr  at  ths  iapsllsr  inlst| 

D3  «nd  D(,  nre  ths  inlet  and  outlet  disasters  of  ths  vansd 
diffuser,  respectively | 

bj  Is  the  width  of  the  vans  at  ths  iapsllsr  outleti 
bj  and  b^  are  the  widths  of  ths  vansd  diffussr  at  inlet  and 
outlet,  respectively. 


centrifugal 


Figure  62|  Scheaatic  diagraa  of 
compressor. 

As  a  rule,  centrifugal  compressors  in  turbojet  engines  have 
the  following  ratiosi 


r>. 


0,6  to  0.7:  “  0,2*  to  O.CO. 
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Let  us  intsrssct  ths  cosiprsssor  impeller  by  •  cylindrical 
surface  of  diameter  D 1 ,  coaxial  with  ths  impeller,  and  1st  us 
dsvslop  ths  intersection  surface  on  ths  plane  of  a  drawing  relative 
to  axis  A  (fig.  63).  In  this  development  the  section  of  the  impel¬ 
ler  disk,  a,  together  with  the  sections  of  its  vanes,  b,  appear 
tobe  moving  at  velocity  u^,  equal  to  the  circumferential  velocity 
of  the  impeller  at  the  inlet  radius,  r^  ■  Dj/2. 


Figure  63 1  Velocity  triangle  at  the  inlet  to  the 
centrifugal  compressor  impeller. 

Immediately  after  entering  the  vane  formed  by  the  intake  lips 
of  the  impeller  vanes  the  air  begins  a  complex  motions  it  rotates 
with  the  impeller  at  circumferential  velocity  a  TiD^n/60  (n  is 
impeller  rpm) ,  and  moves  relative  to  the  Impeller  at  some  velocity 
*1  * 

The  relative  air  velocity,  is  found  from  the  inlet  velo¬ 

city  triangle  shown  in  figure  63,  where  c^  is  the  absolute  air 
velocity  at  the  impeller  inlet,  and  c1#  and  c|u  are  the  axial  and 
circumferential  components  of  velocity  c,.  For  an  axial  Impeller 
input,  the  circumferential  component  is  c^u  ■  0,  and  c^  ■  C|. 

The  divergence  between  the  direction  of  relative  air  velocity 
and  the  direction  of  the  Intake  lips  of  the  vanes,  that  is,  the 
significant  Inequality  between  angles  a  ^  and  ()},  results  in  an  air 
flow  separation  at  the  impeller  inlet  which  is  associated  with  the 
loss  of  energy  and,  consequently,  with  a  reduction  in  the  head 
pressure  generated  by  the  compressor. 

As  a  rule,  a  so-called  rotating  guide  is  used  in  centrifugal 
compressors  in  aviation  engines  to  prevent  the  separation  flow  over 
the  intake  lip  of  the  impeller  vanes  mentioned  above.  The  intake 
lips  of  the  vanes  are  bent  in  the  direction  of  impeller  rotation 
so  they  coincide  approximately  with  the  direction  of  relative  air 
velocity  Wj  (fig.  63).  The  angle  is  usually  ■  0 ^  -  (2°  to  4°), 

The  angle  to  which  the  intake  lips  of  the  Impeller  vanes  is 
bent  can  be  reduced  by  using  a  stationary  guide  consisting  of 
stationary  vanes  fastened  to  the  compressor  casing  in  front  of 
the  impeller  inlet.  These  vanes  give  the  air  its  preliminary  spin 
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in  th.  direction  of  i.p.ll.r  rotation,  .0  th.  angl.  a,  between 
th.  dirootion.  of  .b.olut.  velocity,  c,.  .nd  circumf.r.nti.l  v.lo- 
city,  u,,  can  b.  r.due.d  and,  con..qu.ntly,  .0  can  angl.  8  If  all 
Othar  condition.  unch.ng.d  (a...  c,  and  u,).  At  thj 

ti-a.  th.  ...nitud.  of  th.  ralatlv.  v.loeity,  can  b.  r.due.d, 
•a  -ill  b.  ...„  from  th.  v.loeity  Mangl.,  helping  to  r.duc.  th. 
loa...  in  th.  int.k.  aaction  of  tvta  impeller. 

Th.  air  at  th.  lmp.ll.r  outl.t  -ill  b.  in  complex  notion,  ju.t 
•  .  -a.  at  th.  Impallar  inl.t.  A.  -ill  b.  ...„  from  th.  outl.t 

v.loeity  triangle  in  figur.  6k.  it.  .b.olut.  v.loeity.  c.,  e.n  b. 

found  by  th.  -agnltud.  and  dir.etion  of  th.  aov.bl.  and  r.l.tiv. 
velocities. 


Figur.  6k,  v.loeity  triangl.  at  th.  compr...or 
lmp.ll.r  outlet. 

Th.  movable  air  v.loeity  at  th.  iap.U.r  outl.t  .qu.l.  the 
circumferential  wlocity  of  th.  lmp.ll.r  ,t  it.  p.riph.ry 

UH  %  rD*n 

l,J  '■  (5.31) 

Th.  r.l.tiv.  ,ir  v.loeity,  „2,  at  th.  lmp.ll.r  outlet  1. 
deflected  fro-  th.  radial  dir.etion  by  .0..  ongl.  y  t„  .  dir.etion 
oppo.it.  to  i.p.u.r  rotation.  d.,plt.  th.  radial  van.  arr.ng.-.nt . 
Thl.  i.  explained  by  th.  fact  that  air  .nt.ring  th.  van.,  of  the 
rotating  i-p.U.r  att.-pt.  to  u..  it.  in.rti.  to  remain  in  it. 
initial  .tat.,  on.  in  -hieh  it  -a.  not  rotated  r.lativ.  to  th. 
grounding, .t.tionary,  environment.  A.  e  r..ult,  th.  air  -a., 
in  th.  impeller  i.  .lightly  di.pl.e.d  in  a  dir.etion  oppo.it.  to 
it.  rotation,  .0  that  a  circu-f.r.nti.l  conpon.nt,  w,  ,  of  th. 

atlv.  v.loeity,  w2,  in  a  direction  oppo.it.  to  that  of  impeller 
rotation  appear..  Th.  m.gnitud.  of  v.loeity  w.  will  b.  lm„  the 
narro-.r  th.  op.ning.  b.t-..n  th.  van.,  .nd,  e  on.equ.nt  ly ,  the 
gr.at.r  th.  nu.b.r  of  van.,  in  th.  imp.U.r.  Thi.  magnitude  e.n 
b.  found  through  th.  aquation 

(502) 

-h.r.  u  i.  a  eo.ffiei.nt  d.riv.d  .xp.rim.nt.lly . 

A.  -ill  b.  ...„  from  th.  outl.t  v.loeity  tri.ngl.  (flgure  6U) 
and  from  th.  equation  at  (502).  th.  circumferential  component  e, 
of  th.  .b.olut.  v.loeity  e,  e.n  b.  .xpr....d  in  t.rm.  of  the 
c ircumf. renti.l  velocity  u2> 

(503) 

Th.  work  input  to  th.  air  kn  the  eompr.».or  e.n  be  divided 
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into  two  parti.  Oni  part  (L^),  la  tranaferred  to  tha  air  flowing 
through  tha  van*  channala  in  tha  fora  of  aachanical  work  by  tha 
lmpaller  vanas.  Tha  other,  (Lf ) ,  ia  abaorbid  by  tha  air  in  tha 
form  of  haat  ralaaaad  aa  a  raault  of  tha  friction  batwaan  tha  and 

aurfacaa  of  tha  impeller  dlak  and  tha  aurrounding  air  .  Thua 

L,  -  L  ♦  L-.  (5.31*) 

1  c  z  r 

The  dependence  of  work  on  the  circumferential  velocity  u2 
of  the  impelltr  ie  found  through  the  momentum  equation  at  (1.36) 
which  can  be  written  as  follows  with  reference  to  the  axis  of  rota- 
tlon  of  the  impeller  and  aa  applicable  to  the  air  flow  through  the 
impeller  (between  inlet  section  1  1  and  outlet  section  2  2)« 

Mc  -  Ot/i  I'/j-VA  (5.35) 

whara  Mc  ia  tha  torqua  raquirad  to  rotata  tha  lapallar  of  a 
compraaaor  carrying  0^  kg  of  air  par  aacond)  that  ia,  tha 
momant  of  forcas  of  the  affact  of  tha  iapallar  vanaa  on  tha 
air. 

Knowing  the  momant  with  which  tha  impeller  vanaa  act  on  tha 
air,  wo  can  alao  determine  tha  work  which  they  tranaait  to  1  kg 
of  air.  For  thia  purpoaa  wa  muat  multiply  tha  torque  Mc  by  the 
angular  velocity,  »  ,  of  lmpaller  rotation,  and  divide  by  tha  air 
flow,  Ga.  Wo  obtain 

l  •  idm  /G  »  SaC“  T w  .  (5.36) 

z  c'  s  s 

Remembering  thst 


ciu  " 

r,« >  * 


it:. 


(5.37} 


we  can  reduce  the  equation  at  (5*36)  to  the  form 

,  _  ~  tin" I 

- Tt  • 


(5.38) 


The  friction  work,  Lf,  done  by  the  end  aurfacaa  can  be  found 


through  the  following  formula 


'  e 


(5.39) 

or  the  coefficient  of 


where  f  is  the  coefficient  of  "end  losses 
friction  work  for  the  impeller. 

Centrifugal  compressors  in  existing  turbojet  engines  have 
f  ■  0.06  to  0.10  for  single-entry  impellers,  and  f  -  0.03  to  0.05 
for  double-entry  impellers. 

Now,  if  wa  replace  Lz  and  Lf  in  the  aquation  at  (5*3 <•)  for  tha 
internal  work,  Lt  c,  dona  by  tha  compraaaor  by  the  expreaeiona  found 


for  them,  we  obtain 


(S.'tO) 


*The  work  Lf  waa  diaregardad  in  the  axial-flow  compraaaor 
atage  becauaa  of  ita  lnaignlflcnnce. 
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If  th.r.  1.  no  pr.llnln.ry  air  spin,  that  la,  if  t|u  •  O, 


(5.41) 

•  corresponding 


i  c 

The  ratio  between  tha  adiabatic  head 
to  tha  actual  increase  in  pressure  in  the  compressor,  and  the 
adiabatic  head  that  can  be  obtained  for  optimum  utilization  of 
the  circumferential  velocity  of  the  impeller(  u^/g  is  called  the 
frZdElH U£  of  1  <?fntrifpgll  cpeipp^sor,  V 

„/-!/«  .  (5.42) 


coefficient,  establishes  the  degree  to  which  the  circumferential 
velocity,  u2,  of  the  Impeller  is  used  to  increase  pressure  in  the 
compressor.  Centrifugal  compressors  in  existing  turbojet  engines 
have  ri^  m  0 .65  to  0.75*  end  u?  ■  *4 00  to  480  m/eec. 

Passing  through  the  compressor  impeller,  the  air  enters  the 
diffuser.  As  has  already  been  mentioned,  the  diffuser  can  be 
either  vaneless  or  vaned.  Vaned  diffusers  are  usually  used  in  the 
centrifugal  compressors  in  turbojet  engines.  They  always  have  an 
annular  clearance  of  about  20  to  30  mm  (on  one  side)  ahead  of  them. 
This  clearance  is,  in  essence,  a  small  vaneless  diffuser.  The  air 
flow  in  a  vaneless  diffuser,  and  the  air's  velocity  triangles,  are 
shown  in  figure  63. 


Figure  651  Schematic  diagram  of  a  vaneless 
diffuser. 


The  Increase  In  the  air  pressure  in  the  diffuser  depends  on 
the  degree  to  which  the  absolute  air  velocity  is  reduced  in  it. 
Obviously,  the  increase  in  the  air  pressure  will  be  greater  the 
lower  the  absolute  velocity,  c^,  at  the  diffuser  outlet  with  respect 
to  the  absolute  velocity,  c2»  at  the  diffuser  inlet. 

The  magnitude  of  the  velocity  ratio,  c^/cg,  depends  on  the 
relative  dimensions  of  the  diffuser  and  on  the  nature  of  the  air 
notion  in  it.  The  ratio  between  these  velocities  can  be  found 
through  the  equation  of  continuity  for  the  inlet  and  outlet  sections 
of  the  diffuser  u  r S. 


t»77 


(5.43) 


wh.r.  F,-nb,D, slnf,  »nd  *r.  th.  *r...  of  th.  lnl.t  and 

outl.t  .action,  of  th.  dlffu.ar,  r.ap.ctlv.ly ,  noml  to  th.  direc¬ 
tion  of  th.  ab.olut.  air  v.locltl.a,  Cj  and  e^. 
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The  ratio  between  araaa  F^  and  is  callad  tha  diffusar 
divergence  ratio. 


ft  _  sin  Pj 
fj  4j Df  link  * 


(J. 44) 


Any  substantial  incraasa  in  tha  praasura  in  a  vanalaaa  dif- 
fuaar  would  raquira  large  diameters  /A-- i  7  to2^  and  thia  would 
incraasa  comprassor  size  and  weight.  Moraovar,  tha  path  covarad 
by  tha  air  particlaa  in  this  diffusar  will  ba  longer,  resulting  in 
a  significant  Incraasa  in  losses.  Thia  ia  why  vanalaaa  diffuaara 
ara  not  ussd  alona  in  centrifugal  compressors  in  turbojet  engines, 
but  instaad  ara  uaually  intarmadiata  davicaa  intandad  for  aligning 
tha  valocity  fiald  and  raducing  tha  valooity  of  tha  air  flow  ap¬ 
proaching  a  vanod  diffuaar.  This  rsducaa  hydraulic  losaaa  at  tha 
inlat  to  a  vaned  diffusar.  Tha  divargance  ratio  for  an  inter¬ 
mediate  vanalaaa  diffusar  such  as  this  (tha  annular  claaranca) 
must  provida  for  tha  admission  of  air  to  tha  vanas  of  tha  vanad 
diffusar  aftar  it  at  an  accaptabla  valocity. 

What  follows  from  tha  axprassion  for  tha  diffusar  divarganca 
ratio  at  (3*44)  is  that  tha  divarganca  ratio  can  ba  incraaaad  for 
givan  diamatars  if  tha  angls  of  the  air  flow  from  tha  diffusar  is 
incraasad.  This  is  ona  purposa  of  tha  stationary  vanas  in  a  vanad 
diffusar,  for  thay  forca  tha  air  flow  to  straighten  out  so  that 
tha  outlet  angle,  0^,  (fig.  66)  becomes  greater  than  tha  inlet 
angle,  Now  tha  path  covarad  by  tha  air  particles  is  fixed  by 

the  vane  configuration. 


Figure  66i  Schematic  diagram  of  a  vanad  diffusar. 


A  schematic  diagram  of,  and  tha  velocity  triangles  for  a 
vanad  diffuser  are  shown  in  figure  66,  where  it  represents  the 
stationary  vanes. 

Existing  designs  of  centrifugal  comp^c^aors  in  turbojat 
•  n^ines  have  ^  =  2to3:  -£  =  l.25tel,35;  £  ~  |.r,to!,25  * 


6.  Compressor  Characteristic  Curves 

When  installed  in  an  engine  a  compressor  not  only  operates 
under  designed  conditions,  but  under  conditions  differing  from 
designed  conditions  as  well. 
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Aa  a  rule,  compressor  operating  conditions  are  determined  by 
air  pressure  and  temperature  at  the  inlet  (atmospheric  conditions), 
by  the  rpm  (circumferential  velocity  of  the  impeller),  and  by  its 
capacity  (weight  or  volume  flow  of  air  through  the  compressor). 
Depending  on  these  factors,  or  combinations  of  them,  the  compres¬ 
sor  will  produce  some  compression  ratio,  will  hove  different  ef¬ 
ficiency  ratings,  and  will  require  some  amount  of  power. 

Compressor  characteristic  curves  are  used  to  evaluate  the 
operational  qualities  of  a  compressor,  that  is,  to  develop  basic 
data  on  the  compressor  when  operating  under  different  sets  of 
operating  conditions.  A  distinction  is  made  between  normal  and 
universal  compressor  curves,  depending  on  the  method  of  presenta¬ 
tion. 

Normal  characteristic  curves  are  defined  as  the  dependencies 
of  the  compression  ratio  developed  by  a' compressor,  and  of  its 
efficiency,  on  the  air  flow  and  rpm  for  specified  conditions  at 
the  compressor  inlet  (atmospheric  conditions).  These  dependencies 
are  obtained  during  tests  performed  on  a  compressor  in  a  special 
installation. 

During  these  tests  the  compressor  is  run  at  predetermined  rpm 
(for  instance,  by  an  electric  motor),  and  the  necessary  measure¬ 
ments  are  taken  aa  the  air  flow  is  changed  by  throttling  the  air 
at  the  compressor  outlet.  Air  pressure  and  temperature  at  compres¬ 
sor  inlet  and  outlet,  and  torque  at  the  compressor  shaft,  are 
usually  measured.  The  compressor's  compression  ratio  and  efficiency 
(and  if  necessary  capacity  as  well)  are  computed  from  the  measured 
data,  thus  establishing  the  dependence  ofn  *  and  c  on  the  air 
flow  at  constant  rpm.  Compressor  rpm  are  then  changed  and  the 
same  operation  is  repeated. 

The  result  is  a  series  of  curves  for  the  change  in  n  *  and  r\  . 

^  c  ad  c 

as  a  function  of  the  air  flow  for  different  rpm,  and  these  are 
the  normal  compressor  characteristics  shown  in  figures  67  and  68. 

The  shape  of  the  air  flow  characteristic  curves  for  an  axial- 
flow  compressor  is  fixed  by  the  nature  of  the  change  in  the  lift 
factor,  Cy,  and  in  the  coefficient  of  drag,  cx,  for  the  profiles 
of  the  impeller  vanes  and  straightener • 

In  reality,  the  axial  velocity  of  the  air  at  the  impeller 
inlet,  Cja,  decreases  with  a  decrease  in  the  volume  flow  of  air, 
and  as  a  result  the  angle  of  attack,  i,  of  the  vane  profiles  in¬ 
creases  when  n  «  const  (u  »  const)  (figure  69).  Initially,  the 
coefficient  cy  increases  significantly  with  an  increase  in  the 
angle  of  attack,  but  subsequently  drops  sharply,  beginning  at 
some  so-called  critical  angle  of  attack,  and  this  is  accompanied 
by  a  significant  increase  in  the  coefficient  of  drag,  cx  (figure 
70).  In  the  axial-flow  compressor  this  also  results  in  the  nature 
of  the  dependence  of  efficiency  and  compression  ratio  on  the  air 
flow  being  as  mentioned  above,  and  this  is  also  the  reason  for 
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th*  greater  sensitivity  of  the  axial-flow  compressor  to  changes 
in  operating  conditions  (efficiency  and  compression  ratio  are 
greatly  reduced  when  there  is  a  deviation  from  designed  air  flow). 


Figure  67 t  Change  in  r)  . 

ad 

as  a  function  of  G  . 
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Figure  68 1  Change  inn  * 
as  a  function  of  G  . 


In  the  case  of  the  centrifugal  compressor  this  shape  of  the 
characteristic  curves  is  the  result  of  a  significant  increase  in 
hydraulic  losses  (primarily  at  the  impeller  inlet  and  in  the 
vaned  diffuser)  when  there  is  a  deviation  from  air  flows  close 
to  designed  (for  a  given  rpm). 


Figure  69 1  Change  in  vane 
angle  of  attack  with  change 
in  air  flow. 


crit 


Figure  70 i  Dependence 
coefficients  c  and  c 
the  angle  of  attack.  x 


of 

on 


The  operational  stability  of  a  compressor  is  degraded  when 
the  air  flow  through  the  compressor  is  below  a  predetermined 
magnitude.  Sharp,  periodic,  pressure  and  air  velocity  fluc¬ 
tuations  develop!  the  air  flow  begins  to  pulsate.  Compressor 
efficiency  and  average  air  pressure  at  the  compressor  outlet  are 
greatly  reduced.  This  phenomenon,  called  s urging,  is  accompanied 
by  a  unique  noise,  one  not  inherent  in  the  compressor  when  opera¬ 
tion  is  stable,  and  by  shaking  (vibration)  of  the  compressor  (see 
below  for  details). 

The  line  connecting  the  points  on  the  compressor  charac¬ 
teristic  curves  corresponding  to  the  onset  of  surging  for  dif¬ 
ferent  rpm  (dotted  curve  in  figure  68)  is  called  the  limit  of 
unstable  compressor  operation,  or  the  surge  limit.  The  area  of 
unstable  compressor  operation  is  to  the  left  of  this  line,  and 
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the  area  of  ■  table  operet ion  is  to  the  rig ht  •  The  lover  the  rpa, 
the  lower  will  be  the  elr  flow  at  which  unstable  compressor  opera* 
tlon  sets  In. 

Normal  characteristic  curves  are  valid  only  for  those  condi¬ 
tions  at  the  compressor  inlet  (ataoapheric  conditions)  for  which 
they  were  found  experimentally.  Therefore,  a  thorough  assessment 
of  the  operating  qualities  of  a  compressor  requires  a  great  many 
curves,  constructed  for  different  coapreseor  operating  conditions. 
Herein  is  a  significant  shortcomming  in  normal  characteristic  curves, 
and  as  a  result  they  are  practically  not  used  for  analyzing  and 
evaluating  compressor  operating  qualities,  but  instead  are  only 
a  basis  for  constructing  the  so-called  universal  characteristic 
curves . 

Unlike  the  normal  characteristic  curves,  universal  charac¬ 
teristic  curves  make  it  possible  to  evaluate  the  operational  quali¬ 
ties  of  a  compressor  for  different  values  of  air  pressure  and 
temperature  at  the  compressor  inlet  (for  any  atmospheric  condi¬ 
tions),  and  therefore  are  widely  used  because  they  are  more  con¬ 
venient  for  practical  use. 

The  concept  of  similar  compressor  operating  conditions  which 
is  based  on  the  general  theory  of  the  similarity  of  gas  flows, 
will  be  introduced  for  constructing  universal  characteristic  curves. 

Similar  operating  conditions  for  a  compressor  are  defined 
as  those  under  which  the  streams  of  air  flowing  through  the  com¬ 
pressor  remain  similar  to  each  other,  regardless  of  changing  con¬ 
ditions  at  the  compressor  inlet  (temperature,  pressure),  rpm,  and 
air  flow  rate. 

We  know  from  aerodynamics  that  air  streams  flowing  inside 
geometrically  similar  bodies,  or  washing  them  on  the  outside,  are 
similar  if  they  satisfy  the  conditions  of  kinematic  and  dynamic 
similarity . 

In  the  event  of  any  change  in  operating  conditions  for  a 
given  compressor,  the  condition  of  geometric  similarity  for  its 
flow  section  will,  of  course,  remain  valid  if  we  disregard  the 
insignificant  change  in  the  geometric  dimensions  of  the  compres¬ 
sor  that  result  from  the  change  in  its  temperature,  and  if  the 
compressor  is  not  equipped  with  vanes  that  pivot  during  operation. 

Kinematic,  similarity  of  air  streams  requires  that  similar 
points  of  their  velocity  triangles  be  similar  to  each  other.  In 
other  words,  in  similar  streams,  the  trajectories  over  which  the 
air  particles  move,  as  wellas  the  shapes  of  the  flow  passages  and 
bodies  (vanes)  washed  by  the  air,  must  be  geometrically  similar, 
and  the  air  velocities  must  be  proportional  to  each  other  at  all 
similar  points.  Similar  points  in  similar  streams  are  points  with 
identical  locations  with  respect  to  the  boundaries  of  these  streams 
(for  example,  on  the  mean  inlet  diameter  of  the  first  compressor 
stage,  etc  .  )  . 
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The  condition  for  dynamic  similarity  of  air  streams  is  that 
the  ratio  between  all  comparable  forces  (inert la , gravity ,  pressure, 
and  friction  forces)  acting  on  a  volume  element  at  similar  points 
in  these  streams  must  be  Identical.  This  similarity  condition  is 
the  determinant. 

When  air  moves  along  a  passage  or  washes  different  bodies 
(vanes)  at  high  velocities,  the  condition  of  dynamic  similarity 
of  flows  is  expressed  by  the  equality  of  the  Mach  numbers  at 
similar  points. 

It  should  be  noted  that  this  definition  of  the  similarity 
condition  for  air  streams  will  be  correct  if  we  neglect  the  effect 
of  heat  exchange,  and  the  dependence  of  the  thermal  capacity  of 
air  on  temperature,  and  assume  that  the  coefficients  which  define 
the  magnitude  of  the  hydraulic  losses  (friction)  are  constant. 
However,  experience  shows  that  in  the  majority  of  cases  these 
assumptions  will  cause  no  significant  errors,  and  that  the  relation¬ 
ships  thus  obtained  are  sufficiently  accurate  for  practical  pur¬ 
poses  . 

Thus,  similar  operating  conditions  for  a  given  compressor 
are  those  operating  conditions  under  which  the  Mach  numbers  (cal¬ 
culated  for  any  speed)  remain  constant  in  all  compressor  sections. 

It  is  obvious  that  similar  operating  conditions  can  apply  not 
only  to  a  given  compressor,  but  also  to  a  whole  family  of  dif¬ 
ferent  compressors,  if  they  are  geometrically  similar,  that  is, 
if  all  similar  dimensions  are  proportional  to  each  other. 

Let  us  consider  the  conditions  under  which  compressor  operat¬ 
ing  conditions  can  be  similar. 

If  all  other  conditions  are  equal,  a  change  in  air  pressure 
at  the  compressor  inlet  will  change  the  pressure  in  all  compressor 
sections  in  proportion  to  inlet  pressure,  but  air  temperature  and 
air  velocity,  and  consequently  the  corresponding  Mach  number  will 
remain  constant.  Therefore,  in  this  case  the  similarity  in  com¬ 
pressor  operating  conditions  is  undisturbed. 

Let  us  now  suppose  that  for  certain  values  of  compressor  in¬ 
let  temperature,  T^,  compressor  rpm,  n  (circumferential  velocity 
i^)f  and  axial  air  velocity,  c1a,  at  the  inlet  (volume  flow  of 
air),  the  inlet  velocity  triangle  has  the  form  shown  in  figure  71. 

If  the  air  temperature  at  the  compressor  inlet  changes,  but 
the  rpm,  n  (circumferential  velocity  u)  and  axial  velocity  c1a 
(volume  flow  of  air)  remain  constant  at  the  new  temperature,  T^, 
it  is  obvious  that  the  velocity  triangles  for  inlet  temperatures 
Tfi  and  will  be  identical,  and  therefore  the  condition  of 
kinematic  similarity  of  air  streams  at  the  compressor  inlet,  that 
is,  similarity  of  velocity  triangles,  will  be  observed.  However, 
it  is  readily  seen  that  in  this  case  the  Mach  number  at  the  inlet 
will  be  different.  In  the  first  case  tba  local  sound  velocity 
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aquala  «a=20 VT„  ,nd  in  the  aacond  it  la  a'»20 yr^  ,  whlla  in 

both  casas  va  hava  ldantlcal  valuaa  for  axial  e  and  circuafaran- 
tial,  u,  valocltlaa  and  hanca  for  tha  ralativa  valocitlaa,  w  ,  aa 
aall. 

Consequently,  if  all  other  conditions  srs  equal,  a  change  in 
the  temperature  of  entering  air  will  upset  the  similarity  of  com¬ 
pressor  operating  conditions,  since  in  this  case  the  defining  con¬ 
dition  for  dynamic  similarity  of  the  streams,  that  is,  equality 
between  Mach  numbers  at  the  compressor  inlet,  is  not  satisfied. 


figure  7li  Velocity  triangles  at  the  compressor  inlet 
for  different  initial  temperatures. 

In  order  to  maintain  a  constant  Mach  number  when  there  is  a 
change  in  air  temperature  at  the  compressor  inlet,  and  at  the  same 
time  retain  the  similarity  between  the  velocity  triangles,  the 
circumferential  velocity,  uc  (rpm),  and  the  axial  air  velocity, 
c1a  (volume  air  must  be  changed  in  proportion  to  the  square 

root  of  inlet  air  temperature,  that  is,  the  following  equality 
must  be  observed: 

/  c»"  T  /X 

u<;/uc  ■  (5.^5) 

Since,  at  the  same  time,  angle  at  which  the  stream  leaves 
the  stationary  guide  remains  constant,  and  since  the  relationship 
between  the  circumferential  and  axial  velocities  are  identical,  the 
new  velocity  triangle  Tor  an  inlet  temperature  equal  to  will  be 
similar  to  the  original  velocity  triangle  for  temperature  T 
(figure  70* 

Consequently,  the  relationships  between  all  the  other  veloci¬ 
ties  will  be  identical, 

vz= vk; 

[ _ *.  . 

Vf„  “  vre' 


--C  ■  ^  _'te 

Y  f,  V  r~  ‘ 


Each  of  these  relationships  is  a  magnitude  proportional  to  a 
corresponding  Mach  number,  so  the  Mach  numbers  at  the  compressor 
inlet  will  also  be  Identical  for  both  sets  of  operating  conditions. 
It  is  easy  to  prove  that  in  this  case  the  equality  of  the  Mach 
numbers,  and  the  similarity  of  the  velocity  triangles,  is  observed 
in  all  the  other  compressor  sections  as  well. 
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Thus,  if'the  condition 


"  const !  or 


t»  retained  when  there  1.  ,  chan*,  in  air  temperature  at  the 
compressor  Inlet,  and  If 

p/J  “const. 

c ompres.or  operating  condition,  will  be  similar  to  each  other. 

Thee,  rel.tion.hlpe,  Ilk.  all  the  other  relative  magnitude,  that 
remain  con.tant  for  elmll.r  compreeeor  operating  condition.,  are 
called  similarity  parameters. 

Calculating  the  axial  velocity,  c)a,  we  obtain,  from  the  flow 
equation, 

r.„  =,  S*nr„ 

rJ-T' 

where  la  the  area  of  the  flow  area  at  the  compreaaor  impeller 
inlet | 

R  la  the  gaa  conatant  for  air. 

Since  R/Fa  .  conat  for  a  given  compreaaor,  it  ia  obvtoua  that 
the  aimilarity  condi t ion  c.jVT, -cons  can  alao  be  replaced  by 

=  f0„s,  (5.46) 

Thia  relationship  too  i,  a  aimilarity  parameter,  and  ia  called 
the  SSi**1*  fl°"  parameter,  and  the  relationahip  ,2-  _  i.  called 
the  rpm  parameter.  ' " 

The  static  temperature,  T>,  and  pressure,  P(j,  in  the  above 
relationships  can  be  replaced  by  stagnation  temperatures  T*  .  T* 
and  total  preasurea  and  during  in  situ  engine  operatioS  (V  1  0 ) 
by  Ta  -  To-  reapactively.  Thia  ia  explained  by  the  fact  that  the 
dependencies  between  p*  and  P> ,  and  between  T*  and  T  ,  are  determined 
uniquely  by  the  Mach  number,  Ma,  in  the  compressor,  which  remains 
constant  under  similar  oporatlng  conditions. 

Without  going  into  the  proofs,  we  now  note  the  Important  fact 
that  under  aimilar  operating  conditions  the  compressor  has  identical 
compression  ratios,  efficiencies,  ratios  of  work  to  initial  tempera- 

ture  Li  C/Ta  and  LJd  c^a-  temP®rature  ratios  T»/t  ,  and  other 
relative  magnitudes  (such  as  head  pressure  coefficient,  fl.  etc .  ) 

When  there  is  a  change  in  the  independent  parameters  rn 

aid  -y-r  ,  the  conditions  of  similarity  of  operating  conduL, 
are  degraded  and  all  the  magnitudes  listed  above  (tt«,  q  ,  ,,tc  ) 
will  be  changed.  Therefore,  these  parameters,  or  the  magnitudes 
proportional  to  them,  characterize  compressor  modes  and  operating 
conditions,  and  we  can  examine  the  change  in  compressor  efficiency 
and  compression  ratio  a,  a  function  of  their  changes  when  we  de¬ 
termine  the  operational  qualities  of  a  compressor. 

The  universal  characteristic  curves,  or  the  characteristic 
curves  in  similarity  parameters,  too  are  a  series  of  curves  ex¬ 
pressing  the  dependence  of  compressor  efficiency  and  compression 
ratio  on  two  independent  similarity  parameters. 
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Th«  aost  frequently  uaed  procedure  for  con.tructlng  universal 
cher.ct.rl.tlc  curve,  i.  to  plot  th.  weight  flow  p.r...t.r  on  th. 
absciss,  and  the  coapressor  coaprss.lon  ratio  on  the  ordinate,  and 
to  plot  curve,  in  these  coordinate  that  represent  th.  d.p.nd.nc. 
°f„  ”c  on  —  .  "  ^or  different  values  of  the  rpa  paraaeter, 
y—  cos.  .  Moreover,  lines  of  constant  efficiency,  q  , 
are  plotted  in  th.  field  of  th.  coapr.s.or  characteristic  c!m„ 
and  for  this  purpose  the  points  on  the  different  curves  of  rp= -const, 
that  correspond  to  identical  effici.ncle.  are  connected  by  c^Saon 
Unta . 

Typical  universal  characteristic  curvet  for  conpresaors  are 
shown  in  figure  72,  where  the  surge  liaits  are  indicated  by  th. 
shaded  lines,  and  the  constant  efficiency  lines  by  the  dashed 
lines.  Note  that  in  these  curves  the  lines  for  -const  Bre 

higher,  the  greater  the  aagnitude  of  the  rpa  parameter. 


Figure  721  Typical  compressor  characteristic 
•  •  centrifugal  compressor)  b  -  axial-flow  c 


curves . 
oppressor. 


7'  Vn»*«b^«  Compressor  Operation  (Surclna).  and  Pr.v.nn.. 

Measures 

Mention  ha.  already  bean  made  of  the  fact  that  compressor 
operation  becomes  unstable  when  the  air  flow  rat.  is  reduced  below 
a  predetermined  magnitude,  that  a  phenomenon  called  surging  de¬ 
velops  . 

When  a  compressor  surges  the  blading  vibrates,  and  the  com¬ 
pressor  shakes ,  th.  result  of  the  flow  pulsation  inherent  in  surg¬ 
ing.  Compressor  efficiency,  and  average  air  pressure  at  the  com- 
pr.s.or  outlet,  are  reduced.  Th.  air  from  th.  compressor  begins 
to  enter  the  combustion  chamber  unevenly,  with  periodically 
fluctuating  pressure  and  velocity.  Norm.l  operation  of  the  engine 
as  a  whole  is  dsgraded,  thrust  drops,  and  efficiency  deteriorates. 

Heavy  compressor  surging  can  lead  to  flame  interruption,  to  ’ 
riameout  in  the  combustion  chambers  and,  consequently,  to  engine 
shutdown.  The  vibration  and  shaking  that  develops  during  heavy 
surging  is  transferred  to  the  entire  engine  structure  end  can 
lead  not  only  to  the  destruction  of  compressor  elements,  but  to 


RA-0 17-68 


120 


the  destruction  of  the  power  plant.  This  Is  why  surging  is  un¬ 
acceptable  when  an  engine  is  running. 

The  substance  of  the  origin  and  developaient  of  unstable  cos- 
pressor  operation  has  not  been  coaipletely  studied  as  yet  because 
of  the  great  complexity  of  this  process.  However,  Investigations 
reveal  that  a  primary  role  in  the  appearance  of  surging  is  played 
by  the  separation  of  the  air  flow  from  the  compressor  blading  that 
develops  at  low  air  flow  rates.  Separation  froai  the  coaipressor 
blading  develops  at  high  air  flow  rates  as  well.  However,  the 
effect  of  separation  on  compressor  operation  is  completely  dif¬ 
ferent  in  the  two  cases. 

It  has  already  been  pointed  out  that  in  an  axial-flow  compres¬ 
sor  a  reduction  in  the  air  flow  rate  at  constant  rpsi  will  result 
in  a  change  in  air  velocity  such  that  the  angles  of  attack  of  the 
rotor  and  straightener  blades  are  Increased.  This  causes  flow 
separation  from  the  convex  surfaces  of  the  blades,  accompanied  by 
vortex  formation.  At  the  same  time,  the  inertia  of  the  air  flow 
tends  to  cause  separation  from  the  convex  side  of  the  blades,  lend¬ 
ing  Itself  to  the  formation  and  development  of  vortex  regions. 
Therefore,  if  flow  separation  is  great,  these  regions  will  grow 
and  spread  out  inside  the  c orapreaaor, filling  the  compressor  flow 
section.  There  is  periodic,  repetitive  "choking”  of  the  compres¬ 
sor’s  flow  section  by  the  vortex  regions.  The  air,  because  of  the 
compressor,  also  periodically  shoots  through  these  regions  in  the 
opposite  direction,  toward  the  inlet,  and  the  result  is  autooscil¬ 
lation  of  the  air  column,  leading  to  unstable  operation,  that  is, 
to  the  entire  compressor  surging. 

If  the  airflow  rate  and,  consequently,  the  axial  velocity, 
cla,  at  the  inlet  increase  when  n  *  const  (or  when  velocity  c1ft 
increases  at  a  faster  rate  than  the  circumferential  velocity), 
the  angle  of  attack,  i,  decreases  and  then  becomes  negative  (fig¬ 
ure  69).  This  leads  to  flow  separation  from  the  concave  side  of 
the  blading.  At  the  same  time,  the  air  flow  is  pressed  against 
the  concave  side  of  the  blading  by  the  effect  of  the  Inertial 
forces.  Therefore,  when  there  is  an  increase  in  the  air  flow 
rate,  when  separation  regions  are  formed  on  the  concave  side  of 
the  blading,  these  regions  cannot  undergo  strong  development  be¬ 
cause  they  are  pressed  against  the  blading  by  the  air  flow  and 
are  local  in  nature,  so  do  not  degrade  stable  compressor  opera¬ 
tion.  Similar  phenomena  occur  when  the  intake  lips  of  the  impel¬ 
led  and  the  diffuser  vanes  in  a  centrifugal  compressor  are  washed 
by  light  and  heavy  air  flows. 

It  should  be  emphasized  that  the  development  of  surging 
fluctuations  ought  not  be  considered  as  the  result  of  the  direct 
perturbation  effect  of  the  vortices  stream  off  the  blading  when 
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separation  develops.  Actually,  th.  conn.ctlon  b.twe.n  .urging  and 
flow  aaparation  1.  more  complex,  and  do.,  not  occur  apont.n.ou.ly, 
but  rathar  a.  .  r.ault  of  chan,.,  in  ,uch  prop.rtia.  of  th.  compr.s- 
aor  a.  it.  energy  .ourca.  caua.d  by  tha  ..paratad  flow.. 

Dat.ilad  experimental  inve.tig.tion.  of  th.  flow  .tructure 
In  th.  axial-flow  co.pra.aor  at  low  air  flow  rata.  h.v.  al.o  lad 
to  th.  di. covary  of  th.  phanoai.non  known  a.  th.  rotatln.  .t.n  . 

It  ha.  b.an  a.t.bli.h.d  that  flow  ..paration  n.v.r  develops*  all 
th.  rotor  and  str.ight.n.r  blading  at  th.  ....  tin.  whan  th.  flow 
rat.  1.  raducad.  Th.  in.vit.bl.  diff.r.nca.  in  blading  configura¬ 
tion  ami  positioning,  and  lack  of  a  .trictly  axi.y— atric.l  flow, 
oau..  th.  .tall  to  app.ar  initially  i„  on.  or  two  placa.  .round  th. 
circumference,  with  a.ch  such  ton.  enconpa.sing  a  s».u  nu„b.r  of 
van.  channal. ,  Th.  .tall  occur,  simultan.ou.ly  .long  th.  antir. 
l.ngth  of  tha  blading,  or  only  ov.r  part  of  it,  d.p.nding  on  th. 
r.l.tiv.  diameter  of  th.  rotor  hub.  In  .tag.,  with  .hort  blading 
th.  .tall  i»n.di.t.ly  taka,  in  th.  antir.  l.ngth.  In  thi.  typ. 
of  .tall,  raf.rrad  to  a.  .  complete  .tall-  on.  .tall  .on.  i.  u.u.l- 
ly  forn.d  in  th.  annular  .action.  In  th.  c...  of  r.lativ.ly  long 
blading,  th.  .tall  tonat  ara  in  part  locatad  only  .t  th.  blad. 
tip.  or,  .or.  raraly,  „..r  th.  rotor  hub,  and  initially  th.r.  ara 
fro.  on.  to  thra.  such  .on...  A.  th.  flow  rat.  continu..  to  d.clln. 
th.  mimb.r  of  .tall  ton.,  incr.a...  gradually,  r.aching  ..v.n  or 
eight,  and  .or.,  Th.  .tall  ...nwhil.  i.  propagating  ov.r  mor.  and 
mor.  of  th.  blading  l.ngth,  ,o  i.  c.U.d  a  partial,  or  prosr...- 

**a1^  When  th'r«  *r«  ■  g««t  many  .tall  region,  th.y  ar. 
di.tributad  symmetrically  around  the  circunfar.nc.  How.v.r,  at 
the  .tart  wh.n  th.r.  ar.  no  mor.  than  two  or  three  ion..,  th.y 
can  be  di.tributad  un.v.nly.  At  low  flow  rate.  th.  multi.one, 
partial  .tall  is  often  replaced  by  a  singl.,  broader  zone  of 
complete  .tall.  When  th.  flow  rat.  i.  incr.a..d  th.  ph.nom.na 
described  abov.  are  repeated  in  th.  invars,  order,  but  with  som. 
delay. 

Very  significant  is  th.  fact  that  in  a  complete,  as  w.U  a. 
a  progressive,  stall,  th.  separation  .ones  are  not  localized 
around  specific  blades,  but  rotate  continuously  in  th.  .am.  direc¬ 
tion  as  the  impeller,  and  at  a  lesser  angular  velocity.  Th.  ex¬ 
periments  found  that  the  rotational  velocities  of  the  stall  zones 
varied,  and  in  the  case  of  the  progressive  stall  were  from  40  to 
85  *  of  the  angular  velocity  of  impeller  rotation,  and  in  the  case 
of  the  complete  stall,  was  20  to  40  *  of  this  same  velocity.  It 
proved  to  be  independent  of  the  nunb.r  of  .Sail  .ones,  while 
changing  in  proportion  to  impeller  rpm.  Th.  rotating  stall  was 
found  to  prevail  to  equal  degree  in  impeller  and  straight.n.r . 

The  following  is  an  elementary  explanation  of  how  stall  zones 
rotate.  Plow  separation  in  one,  or  in  several  row.  of  the  installed 
vane  channels  result,  in  a  reduction  in  their  discharge  capacity. 
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Th«r«for#,  the  air  stroma,  encountering  lncrsmssd  roslstmnco  In 
the  stall  sons,  spills  ovsr  Into  ths  axial  cltaranc*  to  both  sldssf 
trying  to  find  Its  way  through  adjacsnt  channsls  that  aro  frss  of 
stalls.  This  rsducsa  ths  angle  of  attack  and,  consequently,  crsatss 
favorabls  conditions  for  flow  around  thosa  bladss  locatsd  in  front 
of  the  vortex -inducsd  sons.  On  ths  other  hand,  ths  angle  of  attack 
for  the  blades  located  after  the  vortex -induced  sons  increases, 
causing  flow  separation  at  their  convex  surface.  The  stall  sons 
now  Migrates  in  the  rotational  direction  froa  one  group  of  impel- 
ler  channels  to  another,  but  at  a  velocity  lower  than  that  at 
which  the  iapeller  itself  is  Moving,  resulting  in  the  rotating 
stall  described  above. 

Since  air  velocity  and  air  flow  rate  in  the  stall  sones  are 
much  lower  in  value  than  their  values  in  the  rest  of  the  annular 
channel,  a  rotating  stall  causes  continuous  flow  pulsations  which 
occupy  either  the  entire  area  of  the  cross  section,  or  only  part 
of  it,  depending  on  the  type  of  stall.  Depending  on  the  number  of 
stall  zones,  and  their  rotational  velocity,  the  pulsation  fre¬ 
quency  recorded  by  a  stationary  sensor  is  usually  0.2  n  to  0.3  n 
in  the  case  of  a  complete  stall,  and  will  reach  2  n  to  3  n  in  the 
case  of  a  multlsone,  progressive  stall.  The  amplitude  of  the 
velocity  pulsation  can  reach  70  £  of  the  velocity  in  the  flow  core. 

Even  flow  separation  develops  in  Just  the  first  stage  of  a 
compressor,  the  rotating  perturbation  zone  will  propagate  to  the 
rest  of  the  stages,  causing  velocity  pulsatlonn  over  the  entire 
tract.  However,  according  to  the  experimental  data  large  ampli¬ 
tude  velocity  fluctuations  are  only  observed  in  the  first  few 
stages,  after  which  they  decrease  sharply. 

Stall  pulsations  differ  from  surging  pulsations  by  their 
incomparably  greater  frequency  and  smaller  amplitude,  as  well  as 
by  oniy  a  nominal  dependence  of  these  magnitudes  on  network 
capacity.  In  addition,  the  rotating  stall  and  surging  differ  with 
respect  to  the  nature  - f  their  shift  in  phase  during  fluctuations! 
the  former  is  associated  with  the  pulsation  phase  displacement 
within  the  same  section,  while  the  latter  is  associated  with  it 
along  the  length  of  the  flow  section.  The  experimental  data  show 
that  the  rotating  stall  phenomenon  will  not  cease,  even  when  surg¬ 
ing  develops.  At  the  same  time  large  amplitude  low-frequency  flow 
oscillations  char  .  teristic  of  surging  are  simply  superimposed  on 
the  rotating  stall. 

The  rotating  stall  is  Just  as  unacceptable  in  operation  as 
surging,  primarily  because  it  can  be  the  source  of  excitation 
for  dangerous  oscillations  and  the  compressor  blading  breakage 
associated  with  them.  Since  surging  and  rotating  stall  are  both 
inherent  in  the  operation  of  cascades  at  large  angles  of  attack, 
and  since  the  means  for  coping  with  them  have  a  common  basis,  we 
shall  henceforth  not  distinguish  between  these  phenomena  for 
simplicity's  sake,  but  shall  conventionally  refer  to  them  by  the 
common  term  "surging"  or  "unstable  operation". 
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L*t  us  consider  sons  spscisl  fssturss  of  surging  In  the 
multistage,  axial-flow  compressor. 

We  know  thst  the  sress  of  the  psssages  at  the  outlet  of  this 
conprsssor  are  such  snaller  than  those  at  the  inlet  because  of  the 
gradual  Increase  In  the  density  of  the  air  flowing  through  the 
compressor.  The  magnitude  and  the  relationship  between  these  areas 
sre  based  on  the  change  In  the  denelty  and  axial  velocity  of  the 
air  along  the  compressor  when  the  compressor  Is  running  at  the 
design  point.  The  Incidence  of  the  pi  oflles  of  the  moving  and 
itrslghttnsr  blades  in  ssch  stage  la  selected  for  design  point 
compressor  operation  and  too  is  based  on  the  corresponding  design 
velocity  triangles. 

Thus,  for  design  point  operation  there  Is  a  complete  match 
between  the  areas  of  the  flow  croas-sectlons  of  the  compressor's 
flow  section,  between  the  densities  and  velocities  of  the  air  moving 
through  them,  and  between  the  blade  Incidence  in  all  stages. 

At  other  chan  the  design  point  this  match  In  the  operation 
of  the  compressor  utages  will  be  upset  unless  special  measures  are 
taken,  and  ths  further  away  from  the  design  point  operation  takes 
place,  the  greater  will  be  the  change  In  compressor  operation  as 
compared  with  that  at  the  design  point. 

Tor  example,  If  the  compressor's  compression  ratio  Is  reduced 
below  Its  designed  magnitude  as  a  result  of  a  reduction  In  rpm, 
axial  velocity  at  the  first  stage  Inlet  will  not  be  reduced  if 
there  Is  no  change  In  the  designed  air  flow  rate  and  all  other 
conditions  remain  the  same.  But  since  circumferential  velocity 
is  reduced,  the  angles  or  attack  of  the  first  stage  blading  will 
be  smaller. 

The  pattern  observed  In  the  following  stages  is  a  different 
one.  Here  the  reduced  compressor  compression  ratio  causes  a 
reduction  in  the  air  density  In  these  stages,  but  their  flow  sec¬ 
tions  remain  as  before  and  have  been  designed  for  a  given  wight 
flow  of  air  of  greater  density,  one  corresponding  to  the  designed 
compression  ratio.  Therefore,  in  this  case  axial  air  velocity  in 
succeeding  stages  increases,  and  in  conjunction  with  a  simultaneous 
reduction  in  circumferential  velocity,  results  in  reducing  the 
angles  of  attack  in  these  stages  much  more  so  than  was  the  case 
in  the  first  stages.  For  the  same  reasons,  the  angles  of  attack 
in  the  succeeding  stages  can  even  become  negative  if  the  compres¬ 
sion  ratio  is  reduced  significantly  from  the  designed  ratio.  At 
large  negative  angles  of  attack  the  air  in  the  vane  channels  in 
the  stage  expands  instead  of  being  compressed.  This  condition 
in  the  last  stages,  which  results  in  a  drop  in  efficiency  and  in 
the  compressor  head,  Is  called  turbine  operation. 

If  there  is  a  simultaneous  reduction  in  compression  ratios 
below  their  designed  values  (due  to  a  reduction  in  rpm)  and  in  the 
air  flow  rate  through  the  compressor,  the  axial  velocity  at  the 
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first  stage  inlet  will  decrease  at  the  lass  rate  aa  the  circum- 
ferential  velocity.  But  if  the  axial  velocity  decreases  more 
rapidly  than  the  circumf erential  velocity,  it  is  obvious  that  the 
blade  angles  of  attack  in  the  first  stage  will  be  increased,  and 
can  reach  a  value  at  which  intensive  flow  separation  from  the  backs 
of  the  blades,  and  surging,  becoae  possible. 

The  weight  flow  of  air  through  the  last  stages  will  be  reduced 
at  the  stse  ratio  as  in  the  case  through  the  first  stages,  given 
the  condition  of  continuity.  However,  at  the  same  time  the  air 
density  in  the  last  stages  will  be  reduced  in  the  case  of  the 
change  in  compressor  operating  conditions  considered  because  of 
the  reduction  in  the  compression  ratio.  As  a  result,  the  axial 
air  velocity  in  the  last  stages  changes  little,  if  at  all,  and 
consequently  the  blade  angles  of  attack  in  these  stages  will  be 
reduced  because  of  the  reduction  in  circumferential  velocity, 
and  will  then  go  negative. 

So,  in  this  case  the  last  stages  approach  the  turbine  mode, 
while  the  first  stages  approach  the  surge  mode. 

Let  us  now  increase  the  compressor  compression  ratio  above 
the  designed  ratio  by  increasing  compressor  rpm,  keeping  the  air 
flow  rate,  and,  as  a  result  the  axial  velocity  at  the  inlet  to 
the  first  stages,  unchanged.  Now  the  blade  angles  of  attack  in 
these  stages  will  be  increased  because  the  circumferential  velo¬ 
city,  uc,  increase  when  c1a  H  const.  At  the  same  time,  the  axial 
velocity  of  the  air  in  the  last  stages  will  be  reduced  because 
the  air  density  increases  with  increase  in  the  compression  ratio. 
This  causes  the  blade  angles  of  attack  in  the  last  stages  to  In¬ 
crease  much  more  quickly  than  is  the  case  in  the  first  stages, 
and  this  can  then  lead  first  to  the  appearance  of  severe  stalling 
on  the  backs  of  the  blades  of  these  last  stages,  and  to  surging. 

If  the  compressor  compression  ratio  is  increased  above  the 
designed  ratio  while  simultaneously  deducing  the  air  flow  rate, 
the  axial  velocity  of  the  air  in  the  first  stages  will  be  reduced. 
It  will  decrease  at  a  faster  rate  in  the  last  stages  than  it  will 
in  the  first  stages  because  the  air  flow  rate  is  reduced  and  be¬ 
cause  the  air  density  is  increased  as  a  result  of  the  rise  in  the 
compression  ratio.  Therefore,  the  blade  angles  of  attack  in  the 
last  stages  will  increase  at  a  faster  rate  (both  when  there  is  an 
increase  in  rpm  and  when  n  «  const)  than  in  the  first  stages.  Now 
flow  separation,  associated  with  surging,  can  develop  in  this  case 
as  well,  primarily  in  the  last  stages. 

A  mismatch  in  the  operation  of  the  first  and  the  last  com¬ 
pressor  stages,  and  conditions  for  the  development  of  surging  in 
these  stages,  similar  to  those  considered  above,  can  also  be  ob¬ 
served  when  rpm  are  constant  but  the  compressor  compression  ratio 
changes  as  a  result  of  a  change  in  the  temperature  of  entering  air 
/  J? 

(the  rpm  parameter  iy  - ;  will  change  as  a  result  of  a  change  in 

° 

T*J.  In  this  case  the  only  difference  is  that  the  circumferential 
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velocity  uc  will  remain  constant,  but  the  corresponding  change  in 
the  blade  angles  of  attack  in  the  individual  stages  can  be  de¬ 
termined  only  by  the  change  in  the  axial  velocities  of  the  air  in 
these  stages. 

These  examples,  as  well  as  the  results  of  more  detailed  in¬ 
vestigation  of  operating  conditions  for  multistage  axial-flov 
compressors  at  other  than  the  design  point  lead  to  the  following 
conclusion. 

When  surging  develops  at  off -design  points  at  which  the 
compressor  ratio  remains  below  the  design  ratio,  the  first  stages 
will  usually  prove  to  be  the  source  of  surging,  and  at  off -design 
points  at  which  the  compression  ratio  exceeds  the  designed  ratio, 
it  will  be  the  last  stages. 

It  should  be  noted  that  degradation  of  the  uniformity  of  the 
air  flow  at  the  compressor  inlet  very  much  lends  itself  to  the  de¬ 
velopment  of  surging.  Flow  uniformity  can  be  degraded  by  flow 
separation,  or  the  formation  of  turbulence  in  the  engine  intake 
section,  the  result  of  poor  design  configuration  of  the  air  intake 
ducts,  sharp  edges,  dissimilar  supports,  deep  indentations,  nicks, 
and  other  causes  (operational,  design,  and  technological).  Non- 
uniformity  in  the  velocity  field  in  front  of  the  compressor  can 
also  be  the  result  of  large  angles  between  the  incoming  flow  of 
air  against  the  compressor  and  the  axis  of  the  Intake  section 
when  aircraft  angles  of  attack  are  large,  and  can  also  result  from 
engine  exhaust  from  another  aircraft  flying  close  by  entering  the 
inlet,  etc. 

Any  distortion  in  the  designed  distribution  of  the  velocity 
at  the  compressor  inlet,  regardless  of  cause,  considerably  narrows 
the  range  of  stable  compressor  operation  and,  consequently,  ac¬ 
celerates  the  onset  of  surging.  Therefore,  everything  that  can 
be  done  to  keep  the  air  flow  at  the  compressor  inlet  as  uniform 
as  possible  must  be  done,  in  operation,  as  well  as  during  design. 

At  the  present  time  the  following  measures  are  taken  to 
prevent  surging,  that  is,  to  expand  the  limits  of  stable  operation 
for  axial-flow  compressors. 

1.  Air  is  bypassed  to  the  outside  from  one,  or  several  inter¬ 
mediate  stages  through  special  ducts  in  the  compressor  housing. 

This  is  a  very  simple  method,  and  is  based  on  the  fact  that  when 
all  other  conditions  are  equal,  exhausting  some  of  the  air  from 
an  intermediate  stage  to  atmosphere  will  cause  an  increase  in  the 
air  flow  rate  and  in  the  axial  velocity  of  the  air  in  the  preceding, 
first  stages.  This  results  in  a  reduction  in  the  blade  angles  of 
attack  in  these  stages  for  a  given  circumferential  velocity,  there¬ 
by  preventing  air  separation  at  the  blades,  associated  with  the 
onset  of  surging.  At  the  same  time,  the  air  flow  rate  in  the 
stages  beyond  the  bypass  will  be  reduced  and,  as  a  rule,  the 
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i nmpressor  rowprnilon  ratio  trill  drop  (for  a  flvtn  value  of 

).  In  addition,  tha  energy  used  to  coapriat  tha  nit  by  - 

o  ' 

pnaaail  to  atmosphere  will  ba  loot,  Therefore,  other  conditions 
remaining  unrhitnfud,  angina  efficiency  and  thruat  will  ba  de¬ 
creased  whan  air  in  bypnaaarl. 

2.  Rotatahlw  guide  ( a t might anar )  Hindoo  ora  uaad  in  ona  or 
in  navaral  atagaa.  If  thaaa  bladaa  ora  ilawod  In  tha  direction*# 
inpallar  rotation  tha  apln  flvan  tha  ntr  flow  in  tha  diraction 
oppoalta  to  that  of  tha  impeller!*  reduced,  but  it  incraniad  in 
tha  diraction  of  rotation.  As  n  result,  tho  nnglaa  of  attack  of 
tha  iaipallar  bladaa  ara  raducad  for  n  givon  Impeller  rotational 
valoclty  aa  will  ba  aaan  froai  figurna  9 7  and  99.  Hut  tho  rsduc- 
1 1 on  in  tha  nnglaa  of  attach  of  tha  blades,  eliminating  flow  aa  - 
paratton  froai  thair  backs,  landa  itaalf  to  tha  pravantion  of  surg¬ 
ing,  tharaby  extending  tha  aurga  limit  toward  tha  lowsr  sir  flow 
rstaa.  At  tha  asms  tlms,  tha  compression  ratio  in  tho  stag#  la 
raducad  for  glvan  rpai ,  but  Its  afficloncy  at  tha  off-doalgn  point 
can  ba  incraassd. 

J.  Twin-shaft  (twin-rotor)  coaiprassora  can  ba  uaad  to  adjust 
tha  firat  and  tha  last  atagaa  to  dlfforont  rpai  lsvsls  whon  thoro 
is  a  transition  to  off-daalgn  points.  Lot  us  explain  tho  adven¬ 
ts  age  a  of  this  ayatan  by  tha  following  example.  If  a  alngla-ahaft 
c omprai aor  is  ahlftad  to  a  point  at  which  tho  compression  ratio 
drops  balow  tha  daaignad  ratio,  the  axial  valoclty  in  tha  first 
atagaa  will  ba  raducad  at  a  faatsr  rata  than  will  tha  clrcuafaran- 
tlal  velocity,  and  this  can  land  to  surging  in  thaaa  atagaa.  But 
thera  la  no  danger  of  surging,  in  tha  last  stages  bacauao  tha  axial 
valoclty  in  them  will  ba  reduced  at  a  alowar  rata  than  will  tha 
circumferential  velocity. 

When  a  twin-shaft  compressor  la  shifted  to  auch  lower  points 
it  Is  posslbls  to  reduce  tha  first  stage  rpm  (first  rotor)  faster 
than  last  stage  rpm  (second  rotor).  This  can  prevent  a  too  rapid 
decrease  in  axial  velocity  relative  to  circumferential  velocity, 
and  in  thil  increase  in  the  angles  of  attack  of  ths  first  stage 
blading  associated  with  it  that  leads  to  surging  in  these  stages. 

In  addition,  the  match  in  tho  operation  of  ths  individual 
stages  of  a  multistage,  axial-flow  compressor  at  off -design  points 
can  be  improved  by  using  rotatable  straightener  blades  and  twin- 
shaft  rotors.  There  are  a  number  of  cases  when  this  results  in  an 
appreciable  increase  in  efficiency  and  compressor  head  at  these 
points . 

All  the  methods  listed  above  for  extending  the  stability  limits 
of  axial-flow  compressors  are  used  in  modern  aviation  engines, 
separately,  and  in  combination  with  each  other. 
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COMHVfTIOM  CHAMttHS 
<•  Qanarel  amuiim 

The  combustion  chubtr  li  ana  of  tha  aoat  Important  parta  of 
an  original  tha  reliability,  efficiency,  and  thrust-effective 
aparatlofl  af  tha  engine  aa  a  whala  dapand  ta  a  vary  large  degree 
an  tha  quality  af  combustion  chamber  aparation. 

Coabuatlan  chaabara  af  avlatlan  faa  turblna  engines  auat 
anaura  tha  followlngl 

atabla  fual  coabuatlan  (without  flaaaauta  ar  damping)  ovar 
tha  antlra  range  of  engine  aparatlan  and  undar  all  poaalbla  apa ra¬ 
ti  nq  conditional 

troubla-fraa  fual  ignition  and  coabuatlan  during  angina  atert- 
up,  both  on  tha  ground  and  In  hlgh-apoad  flight  | 

ItldHly  coaplata  fual  coabuatlan  undar  all  operating  condi¬ 
tional 

low  hydraulic  realatancai 

tha  apaciflad  taaparatura  fiald  at  tha  outlet  which  la  vary 
iaportant  for  reliable  turblna  blade  operation! 

reliable  operation,  and  eapeclally  no  deforaatlone ,  burn- 
through!,  and  cracka  In  tha  walla. 

In  addition,  fual  chaabara  auat  have  tha  alnlaua  poaalbla 
also  and  weight  for  a  given  air  and  fual  conauaptlon. 

By  and  large,  aodarn  coabuatlon  chaabara  aatlafy  thaaa  re¬ 
quirements  .  However,  the  creation  of  high-quality  coabuatlon 
chaabara  that  are  equally  raaponalva  to  all  the  requlreaents 
lmpoaad  on  then  la  a  difficult  taak  which  requires  theoretical 
and  eapeclally  axparlaental  investigations. 

The  principal  elenenta  of  all  types  of  combustion  chambers 
for  modern  aviation  gas  turbine  engines  are  (cf.  figure  73)1 
flame  tube  2|  flame  stabilizers  !|  and  3|  fuel  atoaizer  li  outer 
casing  3. 

Combustion  chambers  of  modsrn  turbojet  engines  are  divided 
by  type  of  design  into  tubular  (individual),  annular,  and  cannular 
combustion  chambers « 

Tubular  combustion  chambers  (cf.  figure  73)  are  installed 
around  the  engine  casing  and  fastened  each  individually  by  their 
flanges  to  the  compressor  casing  and  to  the  gas  header  of  the 
turbine.  Each  of  these  chambers  can  be  removed  easily  for  in¬ 
spection  or  replacement  with  the  engine  in  place  on  the  aircraft. 

No  cumbersome  installations  of  high  power  and  large  air  consump¬ 
tion  are  required  for  experimental  investigations  and  empirical 
development  of  individual  tubular  combustion  chambers,  as  this  is 
the  case  for  annular  chambers. 
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V  igu rm  77i  SohMatlc  dlt|rt>  of  m  tubular  coabuitlon 
chaabari 

•  -  o«l t«r |  2  •  flame  tube;  7  -  rasingi  k  and  }  - 

fUme  stabilisers. 

Annular  coabuitlon  chaabtn  (cf.  figure  7M  hava  ona  annular 
rinaa  tuba  ancloaad  in  an  overall  annular  casing  which  In  a  nuabtr 
of  caiai  la  alao  a  strength  aaabar  of  tha  angina  atructura.  Thaaa 
chaabera  ara  dl  at  Ingulshed  by  Chair  lowar  weight  and  can  provide 
a  ana  liar  angina  diameter  than  tubular  chasibara  for  tho  aaaa  air 
consumption.  However,  Inspection*  of  lntarnal  parts  and  oven  aora 
so  the  replacement  of  the  flaaia  tuba  of  annular  chaaban  usually 
requires  engine  disassembly , 


Figure  7*»t  Schematic  diagram  of  an  annular  combustion 
chamber . 

Cannular  combustion  chambers  (cf.  figure  75)  consist  of  a 
number  of  individual  flame  tubes  located  about  the  longitudinal 
axis  of  the  engine  and  enclosed  in  a  common  annular  casing.  These 
combustion  chambers  combine  the  advantages  of  tubular  and  annular 
chambers  and  are  employed  at  a  continuously  increasing  rate  today. 


Figure  75*  Schematic  diagram  of  a  cannular  combustion 
chamber . 

1  -  flame  tubes;  2  -  common  outer  casing;  3  -  inner 
casing . 
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Ltftndi  to  figure  71 i 

*  -  ooctlon  o-a  through  tho  flams  lubsei 

•  -  ooctlon  b-b  through  o  Haao  tubo. 

*•  IflMlhl  lUlHUI  Bf  Wo  non!  no  tho  Caabuatlon  Trocsaa 

Already  sontionod  thot  In  modern  ovlotlon  goo  turbine 
ongtnoo  tho  aoolaia  occoptoblo  tsapsrature  in  front  of  tho  turbine 
ulll  not  usually  oicood  1,150°  to  1,200°*.  Such  a  toaporoturo  lo 
obtained  ohon  fool  lo  burned  In  air  at  a  total  excess  air  coeffi¬ 
cient  of  a  o  5.5  to  b . 5 .  Mian  tho  onglno  oporotoo  at  roducod 
‘••p,r°,ur#*  T,  ln  front  of  tho  turbine,  and  olao  at  high  teapera- 
turoo  Tfl  (high  alropood),  tho  total  occoao  of  air  coofflclont 
necessary  to  enauro  tho  required  tonporaturc  In  front  of  tho  turbine 
lo  Inc  rented  to  about  d  •  7  to  I  and  aoro.  Ev  on  greater  valuta 
for  tho  total  excess  of  air  coofflclont  arc  reached  during  a  rapid 
ohlft  by  tho  onglno  froa  a  higher  rpa  to  a  lover  rpa,  alnco  ln 
that  caaa  tho  eupply  of  fuel  ln  tho  coabuatlon  cheaper  la  roducod 
•*  1  factor  rate  than  tho  air  flov  patting  through  tho  onglno. 

At  ouch  a  high  excess  of  air  It  la  lapoaalbla  to  achieve  atable 
fuel  coabuatlon,  oven  aora  to  ln  an  air  flow,  tinea  tho  conelderably 
loaner  mixture  of  fuel  and  air  la  difficult  to  Ignite,  and  lta 
coabuatlon  procaeda  auch  aora  alovly  and  lnotable.  At  a  raault 
It  la  aaay  for  tho  flaao  to  bo  aeparoted  and  blown  out  of  tne 
chaabor  by  tho  flov  of  air  patting  through. 

In  order  to  enauro  otabla  coabuatlon  and  at  tho  aaae  time  to 
obtain  the  required  gaa  toaporoturo  ln  front  of  tho  turbine,  the 
Inflowing  air  froa  tho  coapraaaor  la  divided  into  two  parte  ln  all 
coabuatlon  chambers  of  gas  turbine  onglnot . 

Tho  smaller  part  of  thle  air,  or  primary  air,  Is  channeled 
directly  Into  the  coabuatlon  zone  that  occupies  the  forward  part 
of  the  flame  tubo,  where  it  primarily  ensures  the  combustion  of 
the  entire  matt  of  fuel.  The  quantity  of  primary  air  will  not 
exceed  20  to  30  %  of  the  total  air  flow  paasing  through  the  engine 
and  is  so  designed  that  the  excess  of  air  coefficient  in  the 
combustion  zone  amounts  tot.  1.2  to  1.5.  At  this  excess  of  air 
the  temperature  in  the  combustion  zone  reaches  2,000°  to  2,200°K 
and  more,  which  also  creates  favorable  conditions  for  rapid,  stable, 
and  sufficiently  complete  fuel  combustion. 

The  remaining  air,  called  secondary  air,  flows  around  the  out¬ 
side  of  the  forward  part  of  the  flame  tube,  i.e.  it  bypasses  the 
combustion  zone,  and  then  is  gradually  mixed  with  the  combustion 
products  departing  from  the  combustion  zone,  ensuring  the  necessary 
temperature  reduction  prior  to  the  turbine  inlet  (cf.  figure  76). 

The  secondary  air  is  mixed  with  the  combustion  products  in 
the  diluent  zone  located  ln  the  rear  part  of  the  flame  tube  (facing 
the  turbine),  which  the  air  enters  through  a  number  of  specially 
located  apertures  in  the  tube  walls.  This  mixing  process  also 
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rr"1*'  ,h*  ■“*  r*'or*bl*  ‘-por.tur.  r»-ld  in  th.  I.,  ri«  .0.1., 
to.nM  th.  turbl n. .  I„  .ddl.lon  t.  .h.  reduction  „d  dutri. 

button  t.«p.r.tur..  th.  fln.1  combu.llun  of  unbucd  fu.l 

p.rtlcl..  .nd  lnco.pl.i.ly  o,ldl..d  product,  t.ko.  pl.«.  lh. 

dllu.nt  ion.,  If  th...  *r.  c.rrt.d  from  th.  cuabu.tlon  ton*. 

th.  ..cond.ry  air,  flowing  .round  th.  out. Id.  of  th.  n.M 
tub.,  rool.  th.  tub.  .nd.  in  .ddltlon,  fora.  .  th.dn.ulat  Ing 
l.y.r  b.tuo.n  th.  hl.h  tHp.ntur.  ion.  and  th.  out.r  coabu.tlon 
chaab.r  c..in«,  protecting  It  .gain.!  ..c.lv.  h..t. 

Contlnuou.  and  .tabi.  coabu.tlon  of  th.  moving  at.tur.  of 
fu.l  and  .lr  1.  pu..lbl.  only  If  .ufftct.nt  h.at  1.  add.d  t.  th. 
fr..h  ai.tur.  entering  th.  coabu.tlon  .ono  to  h..t  It  to  Igniting 
t.ap.r.tur.,  .nd  If  th.  v.loclty  of  th.  ai.tur.  In  thl.  .on.  do., 
not  ..c.ad  th.  propeg.tlon  v.loclty  or  tho  flaao. 

Th.r.foro,  th.  ai.tur.  1.  .nrlchod  in  th.  coabu.tlon  son.  and. 
In  addition.  .0-c.ll.d  flaa.  .tablll.or.  or  lnl.t  d.vlc.  ara  u.od’ 
in  .11  .  umbuetlon  ch«b.r.  of  ...  turbln.  engines  that  ar.  loc.t.d 
in  front  of  th.  coabu.tlon  .on.  In  th.  n.a.  tub..  B.hlnd  th... 
d.vlc.  In  th.  coabu.tlon  ion.  an  ar..  flll.d  by  retrogressive 
turbulent  .tr.„.  of  coabu.tlon  g.ee.  ,nd  .lr  1.  cr.at.d  uh.r.  th. 
pro*r...lv.  (axial )  v.loclty  of  th.  g.,  ,„d  .ir  rlow  do..  not 
c.d  a  a. an  of  15  to  25  a/..c  (cf.  flgur.  76). 


Figure  76 1  Temperature  and  velocity  profile  in 
the  flame  tube  of  a  combustion  chamber. 


The  retrogressive  turbulent  streams  of  combustion  gases 
created  by  the  stabilizers  ensure  a  heat  input  from  the  combustion 
zone  to  the  Inflowing  fresh  mixture  of  fuel  and  air  so  that  it  is 
heated  to  the  required  temperature,  is  ignited  continuously,  and 
burns  in  a  stable  manner.  And  the  turbulent  motion  of  the  inflow, 
ing  air  ensures  that  the  air  is  properly  mixed  with  the  fuel  and 
penetrates  into  the  combustion  zone. 
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Th*  flaaa  •lablllttra  an*  hodiai  of  poor  aorwlynnnt)  configu¬ 
ration  Inetellwd  in  the  path  of  tha  primary  air.  They  nrm  made  In 
tha  form  of  diaphragm*  with  a  greal  number  of  ama  I  I  apattoraa  through 
which  tha  primary  air  paaaaa,  in  tha  form  of  plate*,  hollow  conit al 
capa«  annular  store,  ate.  Tha  baalr  flow  diagrams  for  th»»  g aa  and 
air  atraama  bahtnd  stabilisers  with  plata  and  conical  c  onf  igot  at  i  on 
ara  ahown  In  figure  77. 


Figure  77*  Plow  diagram  behind  tha  stablllzor. 
a  -  plate  stabilizer)  b  -  conical  atablllzer. 

In  addition,  apacial  awirlars  are  used  In  many  combustion 
chambers  to  achieve  a  better  mixture  of  air  and  fuel  and  to  create 
and  strengthen  the  ret rogresalve  streams  of  burning  gases  in  the 
combustion  zone.  These  are  a  number  of  radial  nozzles  Installed 
at  the  flame  tube  Inlet  (cf.  figure  73,  item  5)  under  a  certain 
angle  to  the  direction  of  motion  of  the  inflowing  air.  Up  to  50% 
of  the  primary  air  enters  the  flame  tube  through  the  swirlers.  The 
swirl  imparted  to  thia  air  by  the  awirling  nozzles  (cf.  figure  78) 
ensures  its  intensive  turbulization  and  rapid  mixture  with  the 
fuel.  And  the  centrifugal  forces  that  develop  when  the  air  swirla 
create  an  outer  region  of  increased  pressure  and  an  inner  region 
of  reduced  pressure  behind  the  swirlers,  resulting  in  the  formation 
of  retrogressive  turbulent  streams  of  burning  gases. 


Figure  78*  Diagram  of  air  being  swirled  by  a  swirling 
nozzle . 

The  fineness  of  fuel  atomization  which  is  dependent  on  the 
magnitude  of  injection  pressure  and  on  the  arrangement  of  the 
atomizer  has  a  great  affect  on  the  combustion  process.  Fuel 
atomization  is  improved  by  increased  injection  pressure.  There¬ 
fore,  under  designed  operating  conditions  in  modern  aviation  gas 
turbine  engines  the  fuel  injection  pressure  reaches  60  to  80  kg/cm2 
and  more. 
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OoimI  fli'Ml  mi  ion  ami  uni  fnn*  Tup  I  ill  *  l  r  Ibut  I  on  In  th«  fin 
1,‘’  p,,,"r"rt«  1,1  r«»  *  ir  Ill'll  ,  •HI)  I'.*  Mill  of  r-n»rlfur*l  A«om|«»r» 
*ih|r|,  im  mom  t  f  1  y  um<1,  Th*  r  on*  of  «tu*iif<|  fuel  tlnl  \m 

•  rnnlPil  hy  (lip  varloa  within  fairly  hroml  Unit*  for 

*14  ff«*r**nt  .  rr.»  '.o“  to  *On,  |.  .«p.r»»one*.l  1, 

n«  i  nrtilng  iu  typo,  «haf»w,  and  dimension*  oT  thp  onhuitton  ch«*b«r. 

Hw  f'»pl  l*  Int*"  I  ml  both  with  mill  air*  1  nit  thi  nlr  flaw. 
fh«»  latter  pr  oc  «  lOfitllci’  with  *n  appropriate  type  of  rom- 

hiiatinn  ilm«|ip|  ,  an*  lira*  good  Tup!  atom!  rat  I  on  mwt  fual 

f  or boat  l  on . 

Ku«i|  pravaporl  tat  I  on,  "vaporl  t  Inn"  fual  «tua|  tnt  Ion,  can 

f  «mt  r  llmt  *»  t>»  *  t  al»  i  a  amt  adequately  coaplnti  furl  r  animation  under 
•i  broad  range  of  roah»i*t  ion  chamber  oprrut  tii/  renditions,  nnd  nlao 
to  n  reduction  In  fowl  In  lection  prnmro,  for  thl*  pur  pot*  the 
fual  In  some  romhmtlon  chambers  1*  rhmmalrd  from  the  atomtrwr 
directly  igainat  surface*  whoa#  outside*  are  washed  by  burning 


One  of  the  possible  *c!iei..es  for  n  combustion  rhaaher  with 
"v*porltlii|i“  atomisation  la  ahown  i n  figure  79.  In  thla  acheme 
tho  principal  mas*  of  air  from  tho  compressor  entara  the  forward 
part  of  the  f l  .me  tube,  and  from  there  the  primary  air  la  channeled 
Into  vaporl  ring  tubos,  l.e.  bur  nor*,  whose  end*  are  bant  Into  a 
•  ’-shape  and  located  In  the  combustion  /.one.  The  furl  la  fed  Into 
those  same  tubes  through  the  atomiser. 


Figure  ?9j  Schematic  diagram  of  a  combustion  chamber  with 
fuel  vaporizing  tubes. 

Tho  fuel  is  vaporized  upon  contact  with  the  wails  of  the 
tubular  burners,  and  the  rich  fuel-air  mixture  that  is  generated 
burns  at  thp  tube  outlet  where  the  admixture  of  secondary  air  be¬ 
gins. 

A  significant  reduction  of  temperature  and  pressure,  and  an 
increase  of  air  velocity  in  the  combustion  chambers  render  fuel 
Ignition  difficult,  contribute  to  instable  combustion,  and  can 
finally  result  in  n  flame out.  Therefore,  when  the  pressure  and 
temperature  of  tho  Inflowing  nir  are  reduced,  which  takes  place 
at  increased  altitude  and  reduced  engine  rpm,  the  values  for  the 
excess  o  air  coefficients  are  reduced  under  which  fuel  ignition 
and  stable  combustion  chamber  operation  are  possible  (cf,  figures 
SO  and  81 ), 
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Piffur*  *Oi  Stable  coabuitton  Malta  aa  a  fun<  tlon 
of  altitude. 

Uftndi  i 

A  •  flamaoutj 

B  -  stable  cuibuatlon. 

Thaaa  clrcuaataneaa  alao  aiplaln  tha  difficulty  Involved  In 
an  air  atart  «»th  gaa  turbine  anflnaa  at  high  altltudea,  aa  aall 
aa  the  development  of  lnetabla  coabuatlon  chaaber  operation  In  a 
number  of  caaaa  (aapaclally  at  high  altltudea  and  elou  alrapaeda), 
aoaatlaaa  leading  to  flaaa  damp.ng  and  engine  ehut-dovn  (aapaclally 
undor  t ranalent  operating  condltiona). 

<1 


figure  81  l  Stable  coabuatlon  Malta  aa  .<  function 
of  engine  rpm. 

Legends  t 
A  -  flameout; 

B  -  stable  combustion. 

In  addition,  an  air  start  of  a  shut-down  engine  at  high  alti¬ 
tudes  can  prove  to  be  Impossible  because  cold  air  at  low  pressure 
is  blown  through  the  combustion  chambers  of  a  shut-down  engine  at 
such  a  speed  that  under  these  conditions  a  flame,  even  if  one 
develops,  would  be  completely  blown  out  immediately.  In  that  case 
an  engine  air  start  requires  a  reduction  in  altitude  and  sometimes 
in  airspeed,  too. 

An  increase  of  the  altitude  for  reliable  starts  and  stable 
combustion  chamber  operation  is  achieved  by  increasing  the  capacity 
(heat  intensity)  and  operating  period  of  the  igniters,  reducing 
the  air  velocity  in  the  combustion  chambers  by  means  of  increasing 
their  flow  areas,  using  more  intensive  flame  stabilizing  devices, 
and  other  measures. 
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Air  density  drip*  with  Incrsuslng  altitude  *o  that  th*  .sight 
riou  of  .1,  .hrnudh  th.  engln.  r.duc.d,  ..  it  1.  und.r  r.duc.d 
•  n«ln.  rpm  under  otherwise  squat  rondltlen*.  At  th*  ••••  tin*, 
fu.l  .onau.pt  ton  la  r.duc.d  at  a  corresponding  rat.  In  ord.r  to 
maintain  an  arc.ptabla  gas  taap.ratur.  in  front  of  th.  turbln*. 

Mo.. ..r.  if  th.  fu.l  fin.  through  tha  atoala.ra  la  reducsd  while 
th.  ar.a  of  th.lr  doaag.  op.nl n* a  remain.  unchaitf.d,  th.ro  .111  b. 
»  drop  in  1  nj.i  1 1  on  pr.aaur*  and  th.  quality  of  fu.l  a  .oalaatlon 
.111  d.f tn.rat.  which  can  b*  a  cauaa  of  d*g*naral  .ng  .  oaibuatlon 
chamber  op. ration,  in  oth.r  word*  a  dlaruptton  of  comtuatlon  (la¬ 
bility  and  Incoaipl.t.  combustion. 

Th*r*f or* ,  fu.l  atomisers  with  automatic  flow  ar*a  control 
•r*  u,,d  ln  •*>  -Od.rn  aviation  gas  turblno  engines'  dual-noaal* 
atoaltara,  dupl.a  atoaliara,  fu.l-bypaaalng  atomts.rs,  and  othara. 
In  addition,  automatic  ailnlauai  fu.l  pr.aaur.  d.vtca*  ara  ua.d  ln 
front  of  th.  fu.l  atomtxar*  that  do  not  alio,  tha  fual  flow  to  drop 
b.lo.  tha  minimum  accrptabl.  l.val  wh*r*  atahl.  coabuatlon  without 
blowout  a  and  final,  damping  la  .till  anaur.d. 

5*  Erlntlpal  Coiabuatlon  Chanb.r  P.r.m.t.r. 

L.t  ua  conald.r  th.  baalc  r.lat lonahtpa  and  paraa*t.ra  that 
* r«  fharact.rlat  Ic  for  th*  coabuatlon  chaab.ra  of  aod.rn  aviation 
fas  turbln#  •nflnss. 

Th.  coabuatlon  chaab.r  volua*  la  aaaoclat.d  with  fu.l  con- 
auaptlon  ,-.d  t.io  calorific  valu*  of  th*  fu.l,  or  tho  quantity  of 
boat  r.l.aa.d,  Thla  dsp.nd.nc.  la  dat.ralnad  by  th.  magnltud*  or 
th*  calorific  intensity  par  wilt  of  volua*,  q,  aqua  ling 

1  ■  °f  hr  »uAe.c  fc  hr  atq/ 

wh*r*  vc>c  1*  th.  coabuatlon  chanbsr  volua.,  a^| 

Pc  la  tho  pr.iaure  In  th.  coabuatlon  chaab.r,  abaolut. 
atnoipharti . 

In  combustion  chambers  with  the  same  c rose -sec t Ions  and  tls 
aam.  weight  flows  of  air  th.  quantity  or  h.at  r.l.aa.d  p.r  unit 
or  volume,  or  the  calorific  intensity  per  unit  of  volua.,  will 
rise  with  Increasing  pressurs  since  ln  thst  cast  the  axial  gas 
velocity  Is  reduced  and,  consequently,  less  combustion  chamber 
length  is  required  for  the  same  time  spent  by  tha  Tuel  particles 
ln  the  chamber.  Therefore,  ln  a  correct  comparative  evaluation  of 
different  chambers  their  calorific  intensity  per  unit  of  volume 
la  also  referred,  as  we  did  above,  to  th.  magnitude  of  pressure 
In  tho  combustion  chamber. 

Under  otherwise  equal  conditions,  combustion  chambers  with  a 
small  cross-section  can  be  designed  Tor  a  greater  calorific  In¬ 
tensity  than  chambers  with  a  larger  cross-section.  This  Is  ex¬ 
plained  by  tho  shorter  time  required  by  the  air  to  penetrate  into 
the  combustion  zone  as  the  cross-section  of  the  chamber  is  reduced. 
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T  °P#r*“n‘  COnd‘““n-  ‘h*  “•»  «h—b.r.  or 

"*  .*L,,on  ...  ,ttrblB.  .„lB..  lBl 

z::1'  °r  vo,“*  °r  -  * ,o  i°  *  -  -°6  hr ....  z 

*“  . . .  *"•  •*  th.  co.bu.„„n  ch.nber  1 . Hy 

‘  ‘H.  ..r  v.l.ctty  .«  d.t.ctr.d  h> 

;r,0fi”  *h"-h  •-  -  *»  . ,,,  ,„zz 

to  30  l/MC,  Which  is  nictllliy  In  or<--_  * 

butt  Ion  proca*.  .  *  **•«•  r“~ 

Th.  outlet  . . Cion  .ro.  nf  th.  eo.bo.tion  ch..b., .  or 

7  " . «  •-  “  ‘b.  . . . . bl 

TzrzT.r:  . .  ,,n,,h  °f  th*  -  **>•  -■*. 

...«b»y  .hot  or.  d.t.rMnod  wh.n  ,h.  turbtn.  i.  d.u.n.d, 

Th.  -Wot  Velocity  t.  Incro.o.d  wh.n  tht.  ,r..  ,. 

ZTr  oil  ‘  ,IV‘n  ,M  froI“  •'  **"  *>*rb,n.  .„d 

tZlZTSn'  7"  COndl,1°"*  —  pro. .or.  In  front  of 

*b.  torbln.  no..,.  ...o.b,y  ccrrnpmdinaly  r.duc#<J 

•  U. tine  do.lfn.  th.  outl.t  v.loclty  ,.  ,  to  2.5  .....  «r  , 

:r/:v::  in  * . — cro..::.i:::;.‘::rr 

out,!,  !h tch"  ,r"“r  ,h‘n  th*  *tr  V,,Mlly  •*  ,h*  «-Pr....r 
tit*  "bteh  ...n.  that  It  1.  170  to  180  ./.„c 

-Ot.r^’  “f  f,“'  ,Ub*  *h*  **».  *»b.  d,o. 

To  or  <1  Ch“b#r’  "  *h*  b.tw..n  inn.r  .nd 

r-n...  ;“h  „,rth  77tlmam  •'  *"  —Ur  ch..b.r, 

Hxlr  u  ^  *'5  *°  5  f°r  •*““"«  — *««•. 

cl.tod^  UK  rMl*t,nC’  ,Bd  •"  tnc r.»,.  in  ...  v.lou.v  „,0. 

t#d  *“'h  *  r,dul‘on  In  «..  d.n.lty  do.  to  .n  incr... 
toaporCor.  . . ruction  or  .t.ttc  pr...or.  P  .nd  to,. I 

•  :^r:n  th-  c°-bu,t“"  — —  -th . . 

‘  <  D  Z  '  OU‘1*,,  0,h#*-  “  -‘-X.  vppit..  thnt 

•  boot  th*'  *  P*  <  PC'  H,r*  ,h*  ‘Of,  pros. or.  d.rr.n...  by 

H  .  th.  '“b  . .  “■tlC  Pr#,,Ur*'  *‘nC'  «•-  "«'«  nuab.r 

»  -t  th.  co.bo.tton  ch..b.r  ootl.t  u.o.Uy  dlrr.r.  |# 

1“  fro.  ,h.  R.ch  nu.b.r  ^  .,  ,h.  co.pr...or  ootUt. 

by  th^  t0“1  Pr“’Ur‘  <’rOP  ^  cb«.b«t .  ,.  .v.,u.t.d 

y  tho  prtBiurc  rocovwry  factor 

thi.  fetor  i.  d.t.™tCn.Cd  by"  Ixporfnc.  Co.buation  ch«b.r.  of 

777  g" turbln’  *n“n"  —  ■  —  -  »c.c  ■  o.;5 

or  oilziziT  ;ru,h  •  conn,ct‘on  -  — .d 

•rrtci.nt  a  and  •  gtv.n  t.np.r.tor.  T*  .t  th. 
chMbcr  ootl.t,  ,n  .n.rgy  .qo.tlon  1.  .pplled  th.  '  ^loo'lT 

••  ■ 

rj  no  intern. 1  oork.  T.kln.  thi. 

i.Ktnc  tht.  Into  Account  we  .rite  the 
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onorfy  aquation  In  tha  following  font,  rafarrad  t»  I  k|  of  burn* 
inf  fuel* 

•o;-*  Q.-ot  >o<;  (6.1) 


whara  3 lQ  it  C h«  weight  of  tha  air  raquirad  for  1  kg  of  fuol| 
lj*  l»  tha  total  anthalpy  of  1  k|  of  air  at  tha  compraa- 
aor  outlat  (at  a  taaparatora  T£)| 

Qf  la  tha  haat  addad  to  tha  gaa  flow  aa  a  raault  of  the 
coabuatlon  of  1  kg  of  fual  and  tha  aaaoclatad  in- 
crtaia  In  tha  anthalpy  of  tha  coabuatlon  product#! 

(l  ♦  11q)  la  tha  walfht  of  tha  coabuatlon  producta  ganaratad  by 
tha  coabuatlon  of  I  kg  of  fual  at  an  axcaaa  of  air 
coafflclant  cl f 

1*  la  tha  total  anthalpy  of  1  kg  of  coabuatlon  producta 
at  tha  coabuatlon  chaabar  outlat  (at  a  tamparatura 

Tho  hunt  ralaaiid  during  conplata  coabuatlon  of  1  k*  of  fuol 
1*  It*  not  colorific  valua  Hu>  Port  of  till*  host  1*  loot  to  the 
outold*  modlum  through  th*  walls  of  th*  combustion  chamber,  and 
part  la  not  roloasad  If  thar*  It  Incomplete  combuotion.  There¬ 
fore,  the  heat  <} ,  that  1*  absorbed  by  the  combuotion  products  1* 
loot  than  the  colorific  value  of  the  fuel,  *o  that 

<5.  -  !c.cHu' 

where!  <  1  Is  the  host  release  coefficient  that  takes  into 

C  e  C 

account  the  heat  losses  in  the  combustion  chamber 
thftt  were  mentioned  above* 

This  coefficient  is  determined  by  experience  and  is  suffi¬ 
ciently  great  for  combustion  chambers  of  modern  turbojet  engines 
under  designed  operating  conditions,  where  5 c  c  *  0*96  to  0.98* 

It  was  mentioned  above  that  we  can  make  the  assumption 
l*ol0/l0  ar  1  for  combustion  chambers  of  turbojet  engines.  Thus, 
we  ran  now  rewrite  equation  (6,l)  as  follows: 

v'/;  -n*.  .  (6.2) 


whence  we  obtain 


'  O' 


(6.3) 


where  c*  is  the  mean  specific  heat  in  the  temperature  interval 
p 

from  T*  to  T*  .it  constant  pressure  (as  a  rule,  = 

0.^6  to  0 . 9 )  . 
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CHAPTER  7 
AVIATION  TURBINES 

1 •  Principles  of  Turbine  Design  and  Operation 

It  was  mentioned  above  that  double-stage,  single-stage,  and 
sometimes  even  triple-stage  axial-flow  turbines  are  used  in  exist¬ 
ing  turbojet  engines.  Diagrams  of  typical  turbines  for  turbojet 
engines  are  shown  in  figures  82  and  83,  and  a  diagram  of  an  axial- 
flow  turbine  stage  and  a  cylindrical  section  through  its  blading, 
unfolded  into  a  plane,  in  figure  84. 

The  principal  parts  of  a  turbine  are  1  the  nozzle  or  guide 
assembly  formed  by  the  fixed  nozzle  blades  1,  fastened  to  the  fixed 
turbine  casing  2|  the  turbine  wheel  3,  secured  to  the  turbine 
shaft,  and  the  blade  assembly  or  bucket  ring  formed  by  the  rotor 
blades  4,  fastened  to  the  rim  of  the  turbine  wheel  3.  All  the 
rotating  parts  of  the  turbine  make  up  its  rotor. 

The  combination  of  the  fixed  nozzle  assembly  and  the  bucket 
ring  that  follows  it  is  called  a  turbine  stage. 

The  conversion  of  the  pressure  energy  of  the  gas  into  kinetic 
energy  takes  place  completely  or  partially  in  the  nozzle  assembly. 
Subaequently ,  part  of  the  obtained  kinetic  energy  is  converted  into 
work  at  the  turbine  shaft  by  means  of  the  bucket  ring. 

If  the  pressure  energy  is  converted  into  kinetic  energy  ex¬ 
clusively  in  the  nozzle  assembly  so  that  the  gas  expands  in  it  to 
the  terminal  pressure  encountered  behind  the  turbine,  and  if  no 
gas  expansion  takes  place  in  the  spaces  between  the  rotor  blades, 
die  turbine  ia  called  an  action  turbine. 

If  the  conversion  of  pressure  energy  into  kinetic  energy 
takes  place  not  only  in  the  nozzle  assembly  but  also  at  the  rotor 
blades,  simultaneously  with  the  conversion  of  kinetic  energy  into 
external  mechanical  work,  the  turbine  is  called  a  reaction  turbine. 

In  that  case,  gas  expansion  takes  place  in  both  assemblies, 
nozzle  assembly  and  rotor  blade  assembly. 

As  a  rule,  all  turbines  used  in  aviation  gas  turbine  engines 
are  reaction  turbines. 

The  gas  velocity  and  gas  pressure  profile  in  a  single-stage 
reaction  turbine  as  well  as  the  velocity  triangles  at  the  inlet 
and  outlet  of  its  rotor  blading  are  shown  in  figure  84. 

The  gas  flow  approaches  the  nozzle  assembly  from  the  combustion 
chamber  at  a  velocity  c^,  a  pressure  p^,  and  a  temperature  • 
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Figure  8^.  Diagram  of  a  single-stage  turbine  for  a 
turbojet  engine. 

The  gas  expands  to  a  pressure  p,  In  the  spaces  between  the 

blndln(!’  a',d  dUe  t0  •  responding  drop  in  the  enthalpy 
of  the  gas  its  absolute  velocity  increases  from  c  to  c  .  Thus 
the  gas  departs  free,  the  nozxle  assembly  at  a  velocity  c  and  a  ’ 
darection  enclosing  an  angle  a,  with  the  rotational  plane  of  the 
urbine  wheel.  The  gas  enter,  the  rotor  blading  at  a  relative 
velocity  »,  whose  magnitude  and  direction  are  determined  by  the 
magnitude  and  direction  of  absolute  velocity  c,  and  the  velocity 
of  translational  motion,  i.e.  the  circumferential  velocity  u  of 
tho  bindos , 
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Figure  83:  Diagram  of  a  double-atage  turbine  for  a 
turbojet  engine. 


Figure  8^:  Diagram  of  a  turbine  stage: 

1  -  nozzle  blade;  2  -  turbine  casing;  1 
wheel;  h  -  rotor  blades; 

Legend : 

X  -  section  through  A-B 


turbine 


A  further  reduction  in  the  enthalpy  of  the  gas,  or  ita  ex¬ 
pansion  from  a  pressure  p,  to  a  terminal  pressure  p2  behind  the 
turbine,  takes  place  in  the  spaces  between  the  rotor  blading,  and 
as  a  result  the  relative  velocity  of  the  gas  motion  between  the 
blades  increases  from  w,  to  „2 .  At  the  same  time  the  absolute 
gas  velocity  decreases  even  then  from  c,  to  c2.  since  a  signifi¬ 
cant  part  of  the  kinetic  energy  acquired  by  the  gas  in  the  nozzle 
blading  and  rotor  blading  is  transferred  to  the  rotor  blades  and 
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through  the  turbine  wheel  to  the  turbine  shaft ,  which  means  that 
it  is  converted  into  external  mechanical  work. 

Plotting  the  outlet  velocity  triangle  makes  It  possible  to 
determine  the  magnitude  and  direction  of  the  absolute  gas  velocity 
c_  at  the  outlet  of  the  turbine  wheel.  It  is  obvious  that  the 


of  the  gas  that  is  not  consumed  in  the  turbine,  or  the  greater 
will  be  the  so-called  turbine  outlet  loss  c^/2^» 

The  acceleration  of  the  gas  flow  during  its  relative  motion 
through  the  spaces  between  the  rotor  blading  of  a  reaction  turbine 
results  in  a  reaction  force  being  applied  to  the  rotor  blading 
(reaction  effect  of  the  flow).  In  addition  the  rotor  blades  ab¬ 
sorb  the  force  that  develops  as  a  result  of  the  change  in  the 
direction  of  the  velocity  of  the  gas  motion  around  the  blades 
(action  effect  of  the  flow).  The  circumferential  components  of 
these  forces  also  yield  the  torsional  moment  on  the  turbine  wheel. 

There  is  no  gas  expansion  in  the  spaces  between  the  rotor 
blades  of  action  turbines,  and  consequencly  no  gas  acceleration, 
either.  Consequently,  there  is  no  reaction  effect  of  the  gas  flow 
on  the  rotor  blades,  and  the  circumferential  force  applied  to  the 
rotor  wheel  results  only  from  the  action  effect  of  the  flow  which 
means  that  it  results  from  the  change  in  the  direction  of  gas 
velocity • 

The  difference  between  the  enthalpies  of  I  kg  of  gas  in  front 
of  the  turbine  and  behind  it  under  adiabatic  gas  expansion  from  a 
total  pressure  p*  in  front  of  the  turbine  to  a  terminal  static 
pressure  p2  behind  the  turbine  is  the  adiabatic  heat  drop  ac¬ 
complished  in  the  turbine.  It  is  seen  from  the  iS-diagram  in 
figure  85  that 


where  i*  and  i2  ^  are  the  total  enthalpy  of  the  gas  in  front  of 
the  turbine  and  its  enthalpy  after  adiabatic 
expansion  in  the  turbine,  respectively; 

T2  acj  is  the  temperature  upon  completion  of  adiabatic 

expansion  to  a  pressure  p2» 

and  k'  are  the  specific  heat  under  constant  pressure 
and  the  adiabatic  exponent  of  the  combustion 
products  during  their  expansion  in  the  turbine. 

The  greater  the  part  of  total  heat  drop  h^  that  is  accomplished 
at  the  rotor  blading  the  greater  will  be  the  rate  of  increase  of 
the  relative  gas  velocity  w2,  and  the  reaction  effect  of  the  flow 
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at  the  circumference  of  the  rotor  wheel  will  increaee.  The 
distribution  of  total  heat  drop  IVj.  (cf.  figure  83)  between  nozzle 
assembly  and  bucket  ring  is  assumed  to  be  described  by  the  degree 
of  reaction  p  of  the  stage,  equal  to  the  ratio  between  the  adia¬ 
batic  heat  drop  hr  accomplished  at  the  bucket  ring  and  the  avail¬ 
able  heat  drop  lip,  in  other  words 

p  "  hr/V  (7.2) 

It  is  obvious  that  for  a  reaction  turbine,  p  >  0,  since  h  a 
0,  p  •  o. 

With  identical  heat  drops  ltj,  the  heat  drop  hT  -  hr  ■  hn 
that  is  accomplished  in  the  nozzle  assembly  of  a  reaction  turbine 
and  its  corresponding  gas  exhaust  velocity  are  less  than  they  are 
in  the  nozzle  assembly  of  an  action  turbine.  At  the  same  time  the 
profiles  of  reaction  turbine  rotor  blades  also  prove  to  be  more 
favorable  with  respect  to  aerodynamics  than  the  profiles  of  action 
turbine  rotor  blades.  Therefore,  the  reaction  turbine  differs 
from  the  action  turbine  in  that  the  energy  loasea  incurred  during 
the  flow  of  the  gas  in  the  spaces  between  nozzle  blading  and  rotor 
blading  are  less. 

Moreover,  the  energy  loasea  connected  with  radial  gas  leakage 
toward  the  periphery  in  the  apace  between  nozzle  assembly  and 
turbine  wheel,  and  also  with  gas  leakage  in  the  rotor  blade  spaces 
that  develops  under  the  effect  of  centrifugal  Torces,  can  be 
eliminated  or  significantly  reduced  in  a  reaction  turbine. 

The  degree  of  reaction  for  the  mean  diameter  of  the  turbine 
wheel  ranges  approximately  between  0.20  and  O.35  for  turbines  of 
existing  turbojet  engines. 


Figure  85:  Determination  of  the  available 
heat  drop  in  a  turbine. 

ir  a  significant  heat  drop  (hT  >  75  to  80  kcai/kg)  must  be 
accomplished  in  a  turbine,  a  sufficiently  great  efficiency  (see 
below)  must  he  ensured  by  dividing  this  heat  drop  between  several 
stages,  which  moans  that  a  multi-stage  turbine  must  be  used. 

\  multi-stage  turbine  with  pressure  stnges  (see  figure  .'hi ) 
consists  of  successively  alternating  nozzio  assemblies  a  and 
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bucket  rings  b.  The  latter  are  fastened  to  a  common  drum  (a  wide 
turbine  wheel,  if  there  are  two  to  three  stages)  or  to  individual 
disks  secured  to  a  common  shaft. 

In  this  type  of  turbine,  gas  expansion  takes  place  gradually 
in  the  nozzle  assemblies  and  bucket  rings  of  each  successive  stage 
(see  figure  86),  and  the  heat  drop  and  pressure  drop  attributed  to 
each  stage  are  reduced  in  comparison  ta  a  single-stage  turbine. 


Figure  86s  Diagram  of  a  Figure  87:  Diagram  of  a 

pressure  stage  turbine.  velocity  stage  turbine. 

The  degree  of  reaction  of  each  stage  of  multi-stage  turbine 
is  determined  by  the  ratio  between  the  adiabatic  heat  drop  at  the 
rotor  blades  of  that  stage  and  the  adiabatic  heat  drop  attributed 
to  the  stage  in  question. 

Also,  a  multi-stage  turbine  can  be  designed  with  velocity 
stages  (see  figure  87).  In  that  case  a  fixed  guide  assembly  is 
installed  behind  a  first,  stage  of  the  action  type  whose  blades 
change  the  direction  of  the  gas  flow  behind  the  first  bucket  ring 
and  direct  it  to  a  second  row  of  (action)  rotor  blades  where  the 
kinetic  energy  of  the  flow  that  departed  from  the  first  stage  is 
partially  exploited,  too.  If  the  absolute  gas  velocity  still 
remains  significant  at  the  outlet  of  the  second  stage,  a  third 
stage  can  be  installed,  etc. 

Velocity  stages  failed  to  find  an  application  in  aviation 
turbines  because  they  cannot  provide  the  required  high  values  of 
efficiency • 


2 .  Gas  Outflow  from  the  Nozzle  Assembly  of  a  Turbine 

The  gas  outflow  velocity  from  the  nozzle  assembly  of  a  turbine 
is  determined  from  the  energy  equation  for  the  section  between  the 
inlet  cross-section  zz  and  the  outlet  cross-section  1#1  of  the 
nozzle  duct.  This  equation  has  the  following  form,  if  there  is 
no  heat  exchange  or  resistance: 


whence 


eu  — 


(7.3) 


where  c1(.  is  the  theoretical  gas  outflow  velocity  from  the  nozzle 
ducts; 

i  is  the  enthalpy  of  1  kg  of  gas  at  the  end  of  adiabatic 

1  ad 

expansion  in  the  nozzle  ducts. 

The  true  gas  outflow  velocity  c ^  is  less  than  the  theoretical 
velocity  c1(.  because  of  losses  in  the  nozzle  assembly  that  are 
associated  with  flow  deflection,  vorticities,  flow  separation, 
and  other  causes.  However,  at  the  present  time  data  based  on 
experience  that  could  be  used  to  evaluate  these  looses  individually 
by  type  are  still  Inadequate.  Therefore,  an  aggregate  coefficient 
is  used  that  takes  into  account  a  combination  of  all  the  losses, 
and  the  true  outflow  velocity  is  determined  as  the  product  y  •  cn> 
so  that 


where  tp  is  the  so-called  velocity  coefficient  that  takes  into 
account  the  reduction  in  outflow  velocity  caused  by 
all  the  losses  inherent  in  the  nozzle  assembly. 

Turbines  of  modern  turbojet  engines  usually  have  a  coefficient 
of  9  =  0.96  to  0.98  (convergent  nozzle  ducts,  see  below). 

The  difference  t*  -  i,  ad  i»  the  adiabatic  heat  drop  hn  ac¬ 
complished  in  the  nozzle  assembly  during  gas  expansion  from  a 
pressure  pj  to  a  pressure  (see  figure  85),  so  that  in  accordance 
with  equation  (7*2) 

Moreover,  |/>-~K5*9?T7?2f  =  91,5.  Consequently, 

c,  r.  91,5eK(i"p)  V  (7.5) 


The  area  of  any  cross-section  ffi  of  a  nozzle  duct  can  be 

determined  from  the  flow  equation 

f  s  G  •  v/c  (7.6) 

n  g 

where  G  is  the  gas  flow  rate  through  the  nozzle,  kg/sec) 

c  is  the  gas  velocity  in  the  given  nozzle  cross-section, 
m/ sec ; 

v  is  the  specific  volume  of  the  gas  in  the  same  cross- 
sectionf  m 

The  dependence  of  the  required  area  fn  of  the  nozzle  cross- 
section  on  the  pressure  ratio  p/p£  for  otherwise  unchanged  con¬ 
stituent  magnitudes  is  shown  in  figure  88. 
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lection88'  DBpondence  of  the  nozzle  cross- 
ection  area  on  the  pressure  ratio. 

Xt  thB‘  «**•>  dec  reading  pressure  p  (with  decreasing 

1  it!  if”*  "  685  eXPand’  ^  th°  "°ZZle  th6  n°Z2la 

initially  reduced,  achieving  a  minimum  f0P  some  value  p/p.  that 
equal  to  Pcr/pJ  >  6cr,  and  subsequently  increases. 

1  nvtr8rnatUre  °f  thi“  °hanse  ln  1,02210  otion  along  the 

length  of  the  nozzle  1,  explained  as  follows.  During  the  first 
part  of  the  expansion  process,  where  p/p.  *  p  gas  veiocity  in. 

faster  than  the  specific  volume  of  the  gas,  therefore, 

the  degree  that  the  gas  expands  the  required  cross-section 

area  is  reduced.  During  the  last  part  of  expansion,  where  p/p.  < 

P  .  gas  velocity  continue,  to  increase,  but  at  a  slower  rate  * 

‘  "  ’P8CiflC  VOlUme  SO  that  thB  n°22lB  cross-section  area  must 

be  increased. 

The  pressure  ratio  that  equal,  ^  or  correspond,  to  the 
and  Z  nZZe  Cr“9S-aeCti°"-  18  called  critical  nr . 


—  •  — ms  ratio- 

and^the  pressure  that  equals  p^  -  p.^  i,  called  pritlcel  nrea- 
it  was  demonstrated  in  thermodynamics  that 

•&£.»  a,— /_JL 

f.  ,tr  U  +  r  1  •  (7.7) 

in  other  words,  the  magnitude  of  critics!  pressure  ratio  depends 

on  on  the  adiabatic  exponent,  and  for  k*  =  ,.32  to  ,.35,  which 

is  characteristic  for  gas  turbine  engines,  ,  .  o.55  to  0.5* 

Thus,  if  the  pressure  in  the  space  into  which  the  gas  flows 

’PT  betW°0n  the  n°2Zle  BSSembly  ant'  thB  bucket  ring  of 
the  turbine)  is  P)  i  p^,  or  P)/p.  *  ;  the  n02zle  rau9t 

convergent,  in  oih.r  words,  its  outlet  cross-section  must  bo 
s.nn  er  than  the  preceding  cross-sections  (see  figure  89,  a).  In 
■a  case  the  gas  expands  completely  in  the  convergent  nozzle  to 
1  pre*s,,ro  P,-  ami  the  outflow  velocity  c  4.  r 
_  Tr  U'“  in  the  space  into  which  the  gas  flows  is 

p|  V  pcr'  ln  otl,er  words,  if  n  /n#  «- 

w,fll  ..  ,  Pl/Pz  '  'or’  the  nozzle  must  terminate 

with  divergent  part  (see  figure  89  hi  In  e  1 

'  '■  te  in  order  to  accomplish 


-  - -  ML-uorapas 

’  '"'Panai°n  tn  P-ssure  p,  in  the  nozzle  and  to 

ohtnu,  a  supersonic  outflow  velocity  (greater  than  critical 
VC l or | ty  )  . 

r"  the  r oiive rgen ,  nozzle  represented  In  fig„re  89,  a,  lr 
-  ‘  cannot  expand  completely  to  an  external 
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prttaure  p^  <  p  r  because  the  nozzle  flow  area  is  not  sufficiently 
increased . 

In  that  case  a  critical  pressure  pcr  >  Pj  and  a  critical 
velocity  are  established  in  the  outlet  (minimum)  cross-section 
of  the  nozzle  that  remain  constant  no  matter  how  much  the  external 
pressure  p^  is  reduced,  under  otherwise  unchanged  conditions,  in 
comparison  to  critical  pressure. 


Figure  89i  Nozzle  configurations! 

a  -  convergent  (subsonic))  b  -  divergent  (supersonic) 

Continued  gas  expansion  from  pressure  pcr  takes  place  outside 
the  convergent  nozzle.  During  this  process  the  energy  that  cor¬ 
responds  to  the  expansion  of  the  gas  from  pressure  pcr  to  p1  is 
consumed  primarily  for  the  Jet  spreading  out  under  the  effect  of 
its  excess  internal  pressure  and  for  generating  wave-type  flow 
oscillations,  and  consequently  there  is  no  substantial  increase 
in  gas  velocity  above  o£r  outside  the  nozzle  under  consideration. 

Gas  turbine  nozzles  are  always  inclined  under  some  angle 
to  the  rotational  plane  of  the  turbine  wheel,  and  the  outlet  cross- 
sections  of  nozzle  ducts  are  not  perpendicular  to  their  axes  (see 
figure  90).  Therefore,  the  so-called  oblique  nozzle  outlet  section 
is  formed  at  the  outlet  of  each  nozzle  duct,  in  other  words,  the 
half-open  part  ecd  of  the  duct . 

Unlike  the  nozzle  with  straight  outlet  section  (as  shown  in 
figure  89,  a)  the  convergent  nozzle  with  oblique  outlet  section 
makes  it  possible  to  obtain,  if  P,/pJ  <  fcr.  a  gas  outflow  velocity 
greater  than  critical  velocity  at  the  outlet  (from  the  oblique 
outlet  section).  This  is  explained  by  the  fact  that  the  oblique 
outlet  section  has  the  effect  of  a  divergent  nozzle.  In  other 
words,  if  p./p*  <3  ,  a  critical  pressure  p  >  p,  and  a  critical 

velocity  are  established  in  the  minimum  cross-section  cd  that  is 
perpendicular  to  the  nozzle  axis,  or  in  the  initial  cross-section 
of  the  oblique  outlet  section  (see  figure  90),  and  continued  gas 
expansion  with  gas  velocity  increasing  above  critical  velocity 
takes  place  in  the  oblique  outlet  section  itself. 
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Figure  90i  Nozzle  with  oblique  outlet  section. 

When  gas  expands  in  an  oblique  outlet  section  the  gas  pres¬ 
sure  is  decreased  gradually  along  the  wall  ce  while  in  point  d 
it  drops  almost  abruptly  to  the  external  pressure  p^.  As  a  result 
the  gas  jet  in  an  oblique  outlet  section  is  exposed  to  greater 
pressure  from  the  direction  of  the  wall  ce,  causing  the  gas  mass 
to  move  away  from  this  wall  in  a  direction  perpendicular  to  it. 
Consequently,  the  gas  jet  is  deflected  by  a  certain  angle  t>  from 
the  nozzle  axis  and  flows  from  the  oblique  outlet  section  de  at 
an  angle  equaling  =  a  •  ♦  ft. 

If  the  pressure  ratio  is  subcrltical,  the  outlet  pressure 
is  established  in  the  narrow  nozzle  cross-section  cd,  and  there 
is  no  subsequent  gas  expansion  and  gas  jet  deflection  in  the 
oblique  outlet  section  (angle  5  =  0) . 

Convergent  nozzles  are  used  exclusively  in  the  turbines  of 
aviation  gas  turbine  engines,  and  their  oblique  outlet  sections 
are  exploited  to  achieve  additional  gas  expansion  to  the  degree 
that  is  necessary.  These  nozzles  operate  equally  well  under 
almost  all  regimes,  while  divergent  nozzles  are  very  sensitive 
(from  the  point  of  increasing  losses)  to  a  change  in  regime. 
Moreover,  using  divergent  nozzles  also  complicates  the  design 
of  the  turbine  nozzle  assembly. 


3 •  Energy  Conversion  at  the  Rotor  blades 

The  gas  flow,  after  departing  at  a  velocity  c1  from  the 
nozzle  ducts  through  the  axial  space  separating  th3  nozzle  as¬ 
sembly  from  the  bucket  ring,  enters  the  ducts  formed  by  the  rotor 
blades . 

The  gas  flow  has  a  relative  velocity  with  respect  to  the 
rotor  blades  whose  direction  is  determined  bv  the  angle  p ^  (see 
figure  91 ). 

Based  on  the  cosine  theorem  it  follows  from  the  inlet  velo¬ 
city  triangle  of  the  turbine  wheel  that 


—  V •  ir  —  2ui\  cos  7, , 


(7.8) 


where  is  the  angle  at  which  the  gas  jet  departs  from  the  nozzle 
duct  (taking  into  account  the  deflection  in  the  oblique 
outlet  section,  if  the  gas  expands  in  it). 
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It  is  seen  from  the  same  velocity  triangle  that  the  axial 
component  c  and  the  circumferential  component  c^  of  absolute 
velocity  Cj  equal 

c m  *  c\  sin  o ,  =  u\  sin  [»,:  ,  „ 


f1u  =  C,  COS  *,  =  tt’i  cos 


(7. 10) 


The  angle  Is  determined  with  the  aid  of  these  relationships 

and  equalities:  .  „  r.  . 

sinS,«  -—sin  a,. 


^  v  ,J 

fr 


Fig-ire  9 1 «  Gas  velocity  triangles  at  the  inlet  and 
outlet  of  the  turbine  rotor  blades. 

The  relative  gas  velocity  w2  at  the  outlet  of  the  ducts  formed 
by  the  rotor  blades  (see  figure  91 )  is  determined  with  the  aid  of 
the  energy  equation.  This  equation  has  the  following  form,  applicable 
to  the  relative  motion  of  1  kg  of  gas  betweon  the  rotor  blades 
(not  including  looses)  i 


whence 


id 


“  Y~a~  (‘>  *"  i  *’?. 


(7.11) 


where  w2t  is  the  theoretical  relative  gas  velocity  at  the  rotor 
duct  outlets ; 

l2  ad  is  the  enthalpy  of  1  kg  of  gas  upon  completion  of  adiabatic 
expansion  to  a  pressure  p2  behind  the  turbine  wheel. 

The  flow  of  the  gas  through  the  bucket  ring  is  accompanied 
by  losses,  as  it  was  through  the  nozzle  assembly.  Therefore,  the 
true  relative  gas  velocity  w,,  is  less  than  the  theoretical  velocity 
*  80 


tt’.j  —  <e  a-,, , 

(7. 12) 

where  ♦  is  the  velocity  coefficient  for  the  rotor  blades,  a  mag¬ 
nitude  corresponding  to  the  coefficient  »  for  the  nozzles. 
As  a  rule,  the  coefficient  *  for  turbines  of  modern  turbojet 
engines  is  not  less  than  0.94  to  0.95  and  achieves  even  greater 
magnitudes  in  individual  Instances. 

Taking  note  that  the  difference  between  enthalpies  in  equa¬ 
tion  (7.11)  is  the  adiabatic  heat  drop  hr  at  the  rotor  blades  and 
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can  bs  »pniMd  on  tho  bool*  of  foniuXo  (7.2),  by  tho  degree  of 
roactlon  hr  •  phj.,  and  auhatltutlnf  tha  numerical  valuaa  fop  A  and 
C,  we  obtain  tha  following  azpraaalon  for  tha  daalrad  ralatlva 
valoeltyi 


1?  —  [''kt-ivi,  I  K'j . 


(7.13) 


Tha  magnitude  of  abaoluta  gas  valoclty  at  tha  rotor  outlat  It 
dataralnad  with  tha  aid  of  tha  outlat  valoclty  triangle  (aaa  fig¬ 
ure  91)  fro*  which  It  followa,  baaad  on  tha  coalna  thaoraa,  that 


r  V~sl  .  iT-  --  'jtnti,  cot'i. 


(7.1*) 


Tha  axial  and  clrcunfarantlal  components  of  thla  valoclty 
will  be  equel  to 


f.,(  »-*  c. sin  a?  —  tt*  sin  ?./. 
f  —  c  cos  9.-->  *  ft-  ros  u 


(7.13) 

(7.16) 


Tha  lower  aigna  In  tha  laat  azpraaalon  refer  to  tha  caaa 
where  tha  angle  >  90°.  Thla  angle  determines  tha  direction 
of  tha  gaa  flow  at  tha  rotor  outlat  and  can  ba  found  with  tha  aid 
of  tha  obvioua  relatlonahip 

,in>  Sjn  1, 

Let  ua  now  datarnlna  tha  force  applied  by  tha  gaa  flow  to  tha 
rotor  bladaa  In  tha  rotational  direction  of  tha  rotor.  Tor  thla 
purpose  let  ua  uae  tha  aoaiantuo  aquation  eetabllshed  for  tha 
direction  of  tha  circumferential  valoclty  u.  If  wa  aaauaia  the 
direction  of  rotor  rotation  to  be  poaltlve,  and  If  tha  gaa  flow¬ 
rate  through  tha  turbine  equals  1  kg/eee,  thla  aquation  la  writ¬ 
ten  as  follows 1 

p  _ _ p  ■s- 

(7.17) 

where  Pu  la  tha  force  applied  to  tha  bucket  ring  by  each  kllograa 
of  gaa  flowing  through  tha  turbine  par  eecondi 
p„  th*  action  force  of  tha  rotor  bladaa  applied  to  tha 
gaa  flow,  equal  In  magnitude  and  opposite  In  direction 
to  tha  desired  force  P|). 

There  era  two  aigna  In  front  of  e2u  In  aquation  (7.17).  This 
is  due  to  tha  fact  that  tha  direction  of  velocity  cgu  can  coincide 
with  tha  direction  of  valoclty  c)u  (a2  >  90°),  or  can  ba  opposite 
to  that  direction  (a2  <  90°).  In  the  first  caaa  there  must  ba 
a  minus  sign  In  aquation  (7.17),  and  In  tha  second  case  a  plus 
ii|n. 

further,  using  tha  equality  of  (7.10)  and  (7.17),  wa  can 

write 

Clu  —  ‘*?m  ~  ■Wj  COS  +  K't  COS  'i3. 


Substituting  this  azpraaalon  In  aquation  (7.17)  wa  obtain 

«•,  t»»  [1,  CHS 


(7.18) 
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Multiplying  tha  fores  by  ths  velocity  of  blade  notion,  u, 
wo  find  tho  work  dono  by  1  kg  of  goo  «t  tho  rotor  circumference 
during  a  period  of  ono  second i 


l„  --  hP,, 


(7-19) 


Tho  force  applied  by  the  gao  flow  to  the  bucket  ring  in  the 
axial  direction  can  be  determined  with  the  eid  of  the  momentum 
equation,  too. 


k.  Turbin.  Efflcl.ncy  »n<i  Turbin.  fow.r 

The  following  types  of  energy  losses  are  encountered  in  a  gao 
turbines 

losses  with  outlet  velocity,  in  other  words,  losses  determined 
by  the  magnitude  of  kinetic  energy  in  the  gas  flow  departing  from 
the  bucket  ring  (kinetic  energy  not  used  in  the  turbine) | 

losses  due  to  overcoming  resistance  in  the  nozzle  assembly 
and  bucket  ring  (the  effect  of  these  loeeea  was  taken  into  account 
above,  with  the  aid  of  coefficients  g  and  f  )j 

losses  connected  with  gas  leaks  through  clearances | 
losses  due  to  overcoming  the  friction  of  the  face  surfaces 
of  the  turbine  wheel  against  the  gas) 

losses  due  to  overcoming  friction  in  the  turbine  shaft  bear¬ 
ings. 

The  first  two  types  of  losses  are  the  greatest  and  are  rated 
by  means  of  the  relative  efficiency  at  the  rotor  circumference, 

This  effici?:»c  quals  the  ratio  between  the  work  obtained  at  the 
rotor  clrctmfere^ce  (for  Its  mean  diameter)  and  the  available  work 
or  the  adiabatic  heat  drop  hp  for  the  turbine  (stage)) 

r|"  ^  (7.20) 

The  adiabatic  heat  drop  that  can  be  accomplished  in  the  turbine 
(in  the  stage)  can  be  expressed  by  the  kinetic  energy! 

(7.21  > 


where  Cq  is  the  conditional  outlet  velocity  that  could  be  obtained 
if  the  heat  drop  hp  were  completely  converted  Into 
kinetic  energy. 

Now,  using  formulas  ( 7 • 19) •  (7*20),  and  (7*2l)  we  obtain 

(7.22) 

A  detailed  examination  of  this  expression  shows  that  the 
velocity  ratio  u/cQ  has  the  greatest  effect  on  the  magnitude  of 
*1  .  If  u/c0  is  i  ncreased,  the  relative  efficiency  ’ly  will  increase 
initially  and  reach  a  maximum  for  a  certain  value  of  u/c^.  At 
this  point  the  total  losses  assume  a  minimum.  Further  increase 
of  u/cq  is  accompanied  by  a  reduction  in  primarily  due  to 

increasing  losses  with  outlet  velocity.  At  the  same  time,  the 
greater  the  degree  of  reaction  p,  the  greater  will  be  the  value 
of  u/cq  at  which  a  maximum  for  is  obtained. 
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This  Is  illuetrated  by  ths  graphs  in  figure  92  shoving  (dottsd 
curvss)  the^dep.ndenc.  of  nu  on  u/cQ  for  diff.ront  valu.s  of  p  and 


for  af  «  20",  ®  .  0.96,  T» 


Fl^ur*  921 


D«p*nd*nc«  of  turblna  •ffici*ncy 
th*  velocity  ratio.  u 


Ths  kinetic  snsrgy  that  Is  not  uasd  In  ths  turblns  Is  determln- 
sd  by  ths  aagnltude  of  abaoluta  gas  velocity  at  ths  outlst  of  ths 
bucket  ring  (of  ths  last  stags),  in  other  words,  c*/2g  doss  not  re¬ 
present  a  loss  to  ths  gas  turblns  engine  as  a  whole.  A  significant 
part  of  this  energy  (after  deducting  ths  loss  in  ths  section  between 
turbine  and  Jet  nozzle  outlst)  is  used  to  generate  reaction  thrust. 
Therefore,  considering  the  turbine  as  part  of  the  engine,  it  is 
expedient  not  to  use  hT  as  the  available  work  but  the  difference 

This  difference  la  the  work  of  the  ideal  turbine  having  the 
saae  outlet  gas  velocity  by  aagnltude  as  the  cosiparable  real  tur¬ 
bine.  Also  Introduced  in  this  context  is  the  notion  of  the  relative 
efficiency  at  the  rotor  clrcunrerence  using  the  outlet  velocity,  in 
oth*r  words 


Al.u 


(1 


(7. 23) 


Since  hj  <  hT  it  follows  that  1]*  >  1^ 

Strictly  speaking,  this  efficiency  does  not  describe  the  ef¬ 
fectiveness  of  the  turbine  but  it  will  be  shown  later  that  the 
exhaust  velocity  from  the  Jet  noszle  and,  consequently,  the  thrust 
of  the  turbojet  engine,  la  directly  dependent  on  precisely  the 
aagnltude  of  this  efficiency. 

The  relative  efficiency  using  the  outlet  velocity,  Tie,  t* 
dependent  on  the  sane  factors  as  the  relative  efficiency  T)  .  Like 
hu,  the  relative  efficiency  increases  with  increasing  coeffi¬ 
cients  cp  and  i  . 

The  dependence  of  r|»  on  the  ratio  u/cQ  for  different  values 

of  p  is  represented  by  the  solid  curves  in  figure  92.  However, 

there  the  curve  of  the  noet  favorable  values  of  p  for  the  given 

case  was  plotted  as  a  function  of  u/c  . 

o 
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Vh.n  „.  d.t.xmin.d  th.  r.l.tiv.  efficiency  ,t  th.  rotor  cir- 

JT-  “*  WOrk  Lu  -  —  th.  aa.umption  that  th.  ,»ttr. 

lit  ta  ...  .uppli.d  to  th.  turbin.  n<wi 

b.t...»  th.  rotor  blad...  Actually,  .  e.rtain  p„t  „  tfc# 

“tr  th*  *’“Ul‘r  'P‘C*  b“,“*n  bUCk*t  rin«  —  turbin. 

'  1  MC*P"  th*  dUCt*  b*t,'"a  th*  blad...  Th.r.f or. 

l-,,  obtained  abova. 

Mor.ov.r,  part  of  th.  work  r.c.iv.d  by  th.  turbin.  wha.l 
«p.od.d  on  friction  b.t...„  lt.  f,e.  .urf.c.  -nd  g„ 

•haft  'or  Ih‘Ult  th*  "°rk  LiT  th“  U  lr*n,f*rr*d  t.  th.  turbin. 

x...  ;h.„ :::  ::r;uud  ***»  *■  — 

to  ,  l>f'rrln*  ^  'iT  —  ‘b*  ™rk  . . . .  abov. 

k«  -ovin*  through  th.  turbin.  par  ..cond  ..  can  „rit. 


L,,~  -4.,* /./=•/.„  (  1  .  L 


Au  -  L./LJ 


'l.ak-  u 

"  *r"  Ll.ak  is  *h*  WOr,c  Xo.t  dua  to  ga.  laakag 

Lf  *•  th*  ,rlction  worlt  of  th.  f.c.  aurfaca  of  th. 
turbine  uhaal. 

radial*1*! r,tl°  Ll,*k^Lu  d*p,nd*  on  th.  ralatlv.  magnitude  of  th. 
P*d1'1  CW*"C*  b“««  “*•  blad.a  and  th.  turbin.  ca.ing  th." 

““  <-•"  ~o.  ... ...  1„. 

z:z:::t‘  ?  -r 

••  ‘  rttio  LX..kAu  -  O.oi  to  0.02. 

magnitude  ZT  ^  ^  flOWP‘t**  thrOU«h  th*  turbin.  th. 
•cnitud.  of  Lf  prov..  to  b.  i».ig„i,lc.nt  and  ..  .  rule  L  *  „ 

Thus,  «•  can  aseuae  that  f  u  v 

L1t  *  *0,97  to  0.98)  L  . 

.no  tr*  rr  b*tw**n  th*  w°rk  «.  th.  »««». 

and  th.  adiabatic  h.at  drop  in  th.  turbin.  i.  c.U.d  int.rn.1 

SSt”  tffUi,nrT  °r  aAaUa  Aaaata  i„  “ 

%  —  ~6~  —  CXW  -  098)  T|„ 

or,  taking  into  account  th.  outl.t  velocity, 

-» (0 j)7  -  0^8) 

.ffajr  ,'0rk.tr  that  *’  r”OV#d  fr°"  th*  turbln*  »b«ft,  or  th. 
IMtlr  I*  Wil1  ^  lM>  th*n  tH*  W°rk  LiT  •!»«  part  of  th. 

rr  tiTT  t0  °V,rCOB,e  friCtl°n  ln  the  tUrtl«  b.arin*.. 

th^ii:::::;':;^:",.—  .ccoUnt 

»•*•«  W«k  ^  aid  th.  wolk  ItT"’  qU‘  ‘h*  ratl°  bet"‘,n  th* 

A.  a  rule,  mechanical  efficiency  i.  ^ 

....  .r  .r:, 

....  .r ... .....  ...  t. 

=  0^)8 — Cl^lO. 


_  /, 


RA.O 17-68 


152 


Th«  ratio  betw.sn  tha  work  rsmovsd  from  tha  turbine  abaft 
and  tha  adiabatic  heat  drop  in  tha  turbine  ia  called  fftatlvi 
affective  efficiency,  n,! 


Thia  efficiency  takaa  into  account  all  tha  energy  loaaea  in 
tha  turbine  coneidered  above  and  determin^e  tha  magnitude  of  the 
work  that  can  be  removed  from  tha  turbine  ahaft  under  a  given 
value  of  adiabatic  hsat  drop. 

Taking  into  consideration  the  exploitation  of  the  outlet 
velocity  in  the  jet  nozsle,  the  relative  effective  efficiency 
will  equal 

r  —  r  r‘  —  - 
T  r  ur  h\  ' 

For  aviation  turbinea  theae  efficiency  factore  arei 

y;T  —  UG-1  —  CViO; 

ti;-(Vs:>— cvl.'i. 

It  was  shown  above  that  an  incraaae  in  turbine  efficiency 
can  be  achieved  by  increaelng  the  velocity  ratio  u/c0  to  a  certain 
limit*  However,  under  practical  circumatancea  an  Increase  of 
u/c0  ia  limited,  for  a  given  heat  drop  in  the  turbine,  by  the 
value  for  the  circumferential  rotor  velocity  u  that  can  be  achieved, 
c one lderlng  the  etrength  of  the  turbine  wheel  and  especially  of 
the  rotor  blades.  The  greater  the  length  of  the  rotor  blades  for 
a  given  turbine  wheel  diameter,  the  slower  must  be,  under  other¬ 
wise  equal  conditions,  the  circumferential  velocity.  Modern  turbo¬ 
jet  engines  have  a  circumferential  velocity  at  the  mean  turbine 
wheel  diameter  amounting  from  270  to  J60  m/aec  and  sometimes  more, 
and  a  velocity  ratio  u/cQ  •  0.4  to  0.45- 

Turbine  efficiency  is  reduced  greatly  with  a  reduction  in 
the  values  of  u/cQ.  Small  valuea  for  u/cQ  are  obtained  when  great 
heat  drops  must  be  accomplished  in  the  turbine  at  a  limited  cir¬ 
cumferential  rotor  velocity.  In  that  case  it  can  prove  necessary 
to  use  double-ataga  or  multi-stage  turbinea  in  order  to  ensure  the 
required  magnitude  of  efficiency e 

By  dividing  the  heat  drop  that  can  be  accomplished  in  the 
turbine  between  several  pressure  stages,  it  is  possible  to  reduce 
the  circumferential  rotor  velocity  and  maintain  the  moot  advan- 
tageous  ratio  u/cQ  for  each  stage  individually,  or  a  ratio  close 
to  it,  thus  ensuring  a  sufficiently  great  efficiency  for  the 
turbine  as  a  whole. 

Moreover,  building  a  turbine  as  a  multi-stage  configuration 
(with  pressure  stages)  tends  to  increase  its  efficiency  for  the 
following  additional  reasons  I 

as  a  result  of  the  reduced  heat  drop  in  the  stages  the  gas 
velocity  in  the  turbine  flow  section  ia  decreased  which  leads  to 
a  reduction  of  losses  in  the  nossle  and  rotor  ductsi 


RA-0 17-68 


153 


«  reduction  of  ga.  v.locity  in  th.  duct.  b.tw«.n  th.  bi.d.. 

.nd  .  r.duction  of  turbin.  wh..l  diaa.t.r,  r..ultin«  i„  .  d.cr.... 
of  circu.f.r.nti.l  rotor  v.locity  for  .  ,lv.n  ^  1>ad  to  „  ln_ 
cro...  in  bl.d.  l.ngth,  thu.  educing  th.  r.l.tlv.  lo....  du.  to 

*“  l.ak.  through  th.  r.dl.l  cl..r.nc.  b.tw..n  bl.d..  .nd  turbin. 
ca.lngf 

th.  out  lot  ga.  v.locity  of  ..ch  .tag.  with  th.  .xc.ytion  of 
th.  l..t  .tag.  i,  .xpiolt.d  by  th.  following  .tag#,  .nd  th.  outl.t 
v.locity  of  th.  l..t  .t.C.  i.  r.duo«d  in  .ccord.nc.  with  th.  educ¬ 
tion  in  h.at  drop  .ttribut.d  to  that  stag.) 

th.  iner....  in  th.  .nth.lpy  of  th.  ga.  th.t  1.  du.  to  int.rnal 

lo....  i„  .  t,  p.rti.lly  .xploit.d  to  produc.  u..ful  work 

in  the  following  stagti, 

Th.  di..dv.nt.g..  of  .  .ulti-.t.g.  turbin.  1.  th.t  th.  bl.d.. 
of  it.  initial  .t.g..,  .nd  ..p.ei.lly  of  th.  fir.t  .t.g.,  op.r.t. 
und.r  condition,  of  gr..t.r  t.«p.r.tur..  th.n  th.  bl.d..  of  .  .ingl.. 
•  t.g.  turbin.  having  th.  ....  h..t  drop  and  initial  t..p.r.tu, 
Tz.  Thi.  i.  axplainad  by  th.  fact  that  th.  r.duction  in  h..t  drop 
and,  consequently,  in  pr...ur.  drop  a.  well,  al.o  ha.  th.  r..ult 
that  th.  temperature  r.duction  in  a  .tag.  (ln  th.  „o«l.  .....bly) 
of  a  multi-. tag.  turbin.  i.  .mall.r  than  in  .  .i„gl...t.g.  turbin.. 

Moreover,  incr...i„g  th.  numb.r  of  .tag..  r..ult.  in  ln. 
cr....  in  th.  l.ngth  of  th.  turbin.  which  c.n  l.ad  to  an  incr..,. 
in  turbin.  weight.  How.v.r,  .inc.  th.  turbin.  di—t.r  1.  r.duc.d 
in  th.  proc...  th.  tran.ition,  for  in.tane,  fro.  a  .ingl.-.tag. 
to  a  doubl.-.tag.  configuration  i.  acco.p.ni.d  by  «  co.p.r.tiv.ly 
■mall  incr....  in  turbin.  weight. 

A.  an  exa.pl.,  l.t  u.  con.id.r  th.  th.rnal  proc...  of  a 
doubl.-.tag.  turbin.  with  pr...ur.  .t.„.  .„d  non-cool.d  bl.d.., 

Thi.  proc...  i.  represented  in  th.  lS-di.gr..  in  figur.  9J .  I„ 
front  of  th.  fir.t  turbin.  .tag.  th.  pr...ur.  p  th.  ga.  v.locity 

**’  *  th*  404,1  *nth»lpy  of  1  kg  of  ga.  ,r.  d.t.ein.d  by  th. 
point  ...  Th.  t.r.in.1  gas  pr...ur.  .t  th.  rotor  outl.t  of  th. 
la.t,  th.  sec ond  turbin.  stag.,  .qu.l.  pg.  H.r.  th.  adiabatic 
h.at  drop  h,j,  that  is  accomplished  in  th.  turbin.  i.  m.a.ur.d  by 
th®  distance  s *2., 


Figur.  93»  Expan.lon  process  in  a  double-stag, 
turbine  with  pressure  stares. 
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In  the  fir»t  turbine  stags  ths  gas  expands  from  a  prassurs 
p  to  a  prassurs  p£  >  p2>  Aa  a  raault  of  ths  gas  bslng  hsatsd  duo 
to  friction  in  the  notsla  and  rotor  ducts  this  sxpansion  process 
deviates  frosi  ths  adiabat  «2^d  and  la  raprssantad  by  the  curve  aO. 
Therefore,  the  true  enthalpy  of  the  gas  at  the  outlet  of  the  rotor 
blades  of  ths  first  stage  is  determined  by  point  0.  But  the  adia¬ 
batic  heat  drop  hj  (taking  into  account  the  initial  velocity  cj 
that  is  accomplished  in  the  first  turbine  stage,  is  measured  by 
the  distance  **2^d. 

Friction  against  ths  rotor  face  surfaces  and  leakage  of  part 
of  the  gas  through  the  radial  rotor  clearances  of  the  first  stage 
have  the  result  thet  ths  enthalpy  of  the  gss  at  the  inlet  of  the 
second  stage  is  slightly  greater  than  at  the  outlet  from  the  rotor 
blades  of  ths  first  stage,  so  that  it  is  not  determined  by  point  0 
biit  by  point  2'.  As  a  result,  and  also  due  to  losses  in  the  noasle 
and  rotor  ducts  of  the  second  stage,  the  actual  gas  expansion  process 
in  that  stage  from  a  pressure  p|  to  a  pressure  p2  is  represented 
by  the  curve  2*2. 

The  velocity  at  the  inlet  of  the  second  stage  equals  the 
velocity  c£  at  the  outlet  of  the  first  stage  rotor.  If  me  take 
into  account  the  energy  that  corrasponds  to  this  velocity,  the 
adiabatic  heat  drop  hXI  that  is  accomplished  in  the  second  turbine 
stage  will  be  measured  by  the  distance  2'#2<ld. 

If  •«  increase  the  initial  temperature  the  adiabatic  heat 
drop  mill  be  increased  for  the  same  pressure  drop.  Consequently, 
for  a  doublu-stags  turbine  (see  figure  93)  hj  ♦  hjj  >  hp,  and  for 
a  turbine  with  any  number  of  stagea  Eh<t;  >  hp,  where  h>t  is  the 
adiabatic  heat  drop  in  each  individual  stags. 

Thus,  in  a  aulti-atsge  turbine  the  sum  of  the  adiabatic  heat 
drops  in  the  individual  stages  is  greater  than  the  adiabatic  heat 
drop  hp  in  the  turbine  as  a  whole.  Physically  this  is  explained 
by  ths  fact  that  the  losses  in  each  stags,  as  ws  showed  above, 
cause  an  increase  in  ths  enthalpy  of  ths  gas  departing  from  that 
stage,  thus  causing  a  certain  increase  of  the  heat  drop  in  the 
following  stage. 

Taking  ths  above  into  consideration  we  can  write 

S/^t  -(' '!  s> ,:- 

where  a  >  0  can  also  be  called  the  energy  recovery  factor. 

Now,  let  us  assume  for  einpliticy  that  the  relative  efficiencies 
at  the  rotor  circumferences,  1u  #t,  and  the  adiabatic  heat  drops 

h  are  identical  for  all  stages.  In  that  case  it  is  obvious  that 

•  t 

the  work  L  t  at  the  rotor  circumferences  of  all  stages  will  be 
Identical,  too,  and  if  x  is  the  number  of  stages, 

ELu  st  "  ,Lu  at  “  LuT 

where  is  the  aggregate  work  at  the  rotor  circumference  of 

the  entire  turbine  as  a  whole. 
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Therafore,  In  thla  cui  tha  relative  afficiancy  at  tha  rotor 
circumference  of  any  stage  will  equal 

n„  ■  sAL  ./ah  .  >  — ~ 

u  at  u  at'  at  c  +  ■!) hr  t+j 

Consequently,  tlu  ■  (l  +  a)*lu  >t,  in  othar  words,  tha  afficiancy 
of  tha  antira  turblna  as  a  whole  la  greater  than  the  Bean  efficiency 
of  Its  stages  takan  individually. 

Tha  anargy  recovery  factor  a  that  enters  into  the  cited  re- 
latlonshlja  Increases  with  increasing  number  of  stages,  losses  in 
tha  stages,  and  gas  expansion  ratio  in  tha  turbine.  For  double* 
stage  and  triple-stags  aviation  turbinoa,  this  factor  in  the  majority 
of  caaaa  is  da  0.04  to  0.08. 

The  j tiaslist  Bmr  or  tha  power  that  ia  removed  from  the 
turbine  shaft,  is  determined  by  tha  product  of  tha  affective  work 
L*r  *nd  th*  «»i«ht  flowrate  par  second  of  combustion  products 
through  tha  t urbina,  O^,  and  is 

nt  ■  S-V75, 

But  since,  in  accordance  with  tha  foregoing. 


it  applies,  correspondingly,  that 


NT  -  °g/73A  •  h^  .  0e/7JA  •  h*ri|. 

Th*  effective  turbine  power  of  a  turbojat  angina  Bust  be 
slighly  in  excess  of  the  power  Hfc  required  to  drive  the  compres¬ 
sor,  by  the  magnitude  required  to  drive  the  auxiliary  machinery 
and  to  aupply  cooling  air.  Tor  modern  turbojet  engine,  the  mean 
is  NT 041.02  Nk,  whence  1^,0^  oil  .02  1^0^. 

However,  for  a  turbojet  engine  the  ratio  between  the  flowrate 
of  combustion  products  through  ths  turbine  and  the  air  flowrate 
through  the  compressor  usually  on  the  average  also  equals  C  /0  . 

1.02,  ,  hence  *  * 

•la 


in  other  words,  for  a  turbojst  engine  th.  effective  work  of  the 
turbine  mutt  be  equated  to  the  effective  work  of  the  compressor, 
which  la  the  basic  condition  for  a  balanced  regime  of  operation 
(see  below)  of  a  turbojet  engine. 

With  th.  aid  of  (7.81),  (7.83),  and  (7.84)  we  can  find  the 
required  expansion  ratio  of  th.  combustion  product,  in  th.  turbine 
of  a  turbojet  engine,  ,  ./C  .  Actually, 


and 
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Therefore, 


J__  JS  /, _ *lf_  'i4l 

•'  /*!  (  J 


(7.SJ) 


"here  P2  1*  the  static  prssaura  behind  the  turbine,  or  in  front 
of  the  Jst  noaiio  of  a  turbojet  engine. 

It  ie  seen  that,  under  otherwise  equal  conditions,  the  pres¬ 
sure  p2  behind  the  turbine  will  decrease  with  increasing  compres¬ 
sor  work  and  decreaaing  temperature  T*  in  front  of  the  turbine 
and  decreasing  turbine  efficiency  r^.  At  the  same  time  tha  pres¬ 
sure  P2  behind  the  turbine  also  depends  on  airspeed  and  altitude, 
since  =  .  All  of  this  equally  affects  the 

total  pressure  p2  behind  the  turbine. 
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CHAPTER  8 


THE  JET  NOZZLE  OP  THE  TURBOJET  ENGINE 


'•  S«»  Plow  In  th.  J.t  Norgl. 

Th.  final  .xp.n.ion  of  th.  combustion  product.  .nd  the  con_ 
version  of  the  remaining  h..t  drop  behlnd  ti„  turbln.  ±nto  M 

•nsrgy  take.  plsc.  in  th.  jat  noMl..  This  conversion  cost  b.  sc 
co.pli.hsd  with  .  minimum  of  I,,....  p0..lbl.  under  ,u  condition, 
of  engin*  operation. 

A.  .  ruls  the  J.t  nossle  i.  ioc.t.d  st  .  c.rt.in  di.tsncs 
ro.  th.  turblna  .nd  connected  „lth  th#  turbin.  c..lnf  by  m#ani| 

of  th.  J.t  sxh.u.t  pip.  (.xh.u.t  con.),  forming  th.  engine  exhaust 
wytmm  to*«th«r  with  tha  lattar. 

If  th.  exhaust  sy.t.n  must  be  lengthened  for  engine  install,, 
tion  in  an  aircraft  an  additional  ext.n.ion  pip.  i.  i„.t.u.d 
b.tw..n  J.t  nosale  .„d  .xh.u.t  plp.  where,  „  „  Bsntloned  ..pl 
.  flow  is  slowed  down.  A,  a  result  th.  g..  flow,  .long  th, 
extension  pip.  .t  .  r.duc.d  velocity  which  favor,  a  reduction  of 
os...  in  the  pipe.  As  .  rule,  th.  g..  velocity  at  th.  end  of  th. 

exhaust  pip.  or  in  cross-section  .*.*  at  th.  J.t  nossle  im.t  i. 

<=;  ■  (0-75  to  0.90)cz. 

Th.  wall,  of  th.  J.t  noasle,  .nd  v.ry  frequently  .v.n  of  the 
S  re  exhaust  sy.t„,  .re  cooled  by  air.  The  exhaust  pip.  wall, 
of  son.  .„gi„..  hav.  .  h.Bt  insulation  that  „dllc„  ^  ^  ^ 

to  the  .nvironm.nt  and  prot.ct.  nearby  aircraft  part,  against 
b*ing  haatad. 

A  typical  diagram  of  the  exhaust  system  of  a  turbojet  engine 
consisting  of  exhaust  con.  and  air-cool.d  J.t  nox.l.  with  fixed 
diacharg.  ar.a,  is  shown  in  figure  94. 

Variable  area  J.t  nossle,  of  turbojet  engine.  ,r.  usually 
*  V*"  “  •Xh<"1*t  fl*p  c«n^«“r.tion.  In  these  nossle. ,  .. 

(P.t.!.7  fth  tl‘  C°n5i,t  °f  *  nU"ber  °f  fl*p*  °r  ■•Stent. 

llrllt  I  ,  '  ,nel#  °f  «„  r.I.tiv,  to  th. 

longitudinal  symmetry  axis  of  th.  nos.l.,  If  thi.  .ng!.  ls  r._ 

duced  th.  nossl.  di.ch.rg.  ar.a  incr.as.d,  and  if  th.  angle  i. 

ncreased  the  .r.a  i.  rtducd.  Th.  flap.  .r.  di.pl.c.d  in  th. 

ossl.  Closing  diroction  by  hydraulic  or  air  pr.s.ur.  with  th.  aid 

of  ..vr..  actuating  piston.  Ioc.t.d  in  actuating  cylind.r.  that 

.ff.etT  h‘°  th#  °°n*  Th«  «-P.  OP."  under  th. 

•ff.et  of  th.  g«.  flow  .scaping  from  th.  J.t  nossle. 
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Figure  94 1  Diagram  of  tha  exhaust  ayataa  of  a 
turbojet  engine. 

Legends  1 

A  -  transition  chamber! 

B  -  Jot  nosalt . 


Figure  93 1  Diagram  of  a  variable  area  Jet  nosslet 
a  -  nossle  throttledi  b  -  nossle  opened. 

The  gaa  flow  Is  discharged  from  the  Jet  nossle  at  a  high 
velocity  and  a  algnlf leant  temperature.  In  modern  turbojet 
engines  operating  under  the  designed  regime  In  static  operation 
on  the  ground  the  gas  velocity  cg  at  the  Jet  nossle  outlet  reaches 
550  to  650  m/sec,  and  the  temperature  T#  e  830  to  850°K. ,  if  no 
fuel  Is  burned  In  the  afterburner  behind  the  turbine  (see  below). 
As  the  gas  floe  moves  away  from  the  Jet  nossle  discharge  area 
it  la  mixed  with  the  surrounding  air  and  gradually  dissipates! 
gaa  velocity  and  temperature  are  reduced.  However,  the  velocity 
and  temperature  In  the  gas  flow  still  remain  significant  at  a 
fairly  considerable  distance  from  the  Jet  nossle  (see  figure  96). 
This  requires  compliance  with  the  necessary  when 

the  engine  is  operated  on  the  ground,  either  In  the  aircraft  or 
on  a  teat  stand.  The  turbojet  engine  must  be  so  located  In  the 
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aircraft  that  tha  danger  of  tha  gaa  flow  damaging  tha  fua.lag. 
and  empennage  and  tha  poaaibility  of  daatroying  tha  runway  aur 
fact  ara  eliminated. 


Figure  96#  Ga*  temperature  and 
velocity  beyond  the  jet 
nozzle  of  the  turbojet  engine. 

*“  distance  from  nozzle  output 
section,  meters. 


Th.  gaa  axhauat  v.loclty  fro.  th.  J.t  nossl.  can  b.  found 
with  tha  aid  of  tha  an.rgy  aquation  wrlttan  for  th.  ga.  flow  In 
th.  .action  b.twa.n  th.  turbln.  outl.t  ero..-..ctlon  2,2  mna  th. 
j.t  noaala  outl.t  cro..-..ctlon  ...  If  „  dl.r.g.rd  hydraulic.! 
ra.l.tanc.  and  h.at  tranaf.r  fro.  th.  ga.  to  th.  angln.  .xhau.t 
ayat..,  thla  aquation  can  ba  wrlttan  a.  follow.,  for  on.  kg  of 
y.u.  a. 


whanc,  aubatltutlng  f  obtain 

r;"V  (8.1) 

wh.r.  c,t  1.  th.  th.oratlcal  axhauat  v.loclty  (not  accounting  for 
lo.a.a )  fro.  th.  J.t  noxxl.i 

1J  and  TJ  ar.  th.  total  enthalpy  and  atagnatlon  taaparatur.  of 
thm  (is  at  tha  turbine  outlet! 

1a  .«•  *"d  T.  ad  ,r#  th*  onthalpy  and  tamp.retur.  of  tha  gaa  In  th. 

outl.t  cro.a-a.ction  «f  th.  J.t  no.xl.  m  th.  caa. 
ai  odlabatic  gaa  axpanalon  (without  lo.a.a)  fro.  . 
pressure  to  •  pressure  p  . 

Th.  r.al  ga.  .xhau.t  v.loclty  from*th.  J.t  no..!.,  c  ,  that 
1.  directed  along  th.  no.xl.  axi.  .nd  d.t.mln.a  th.  aegnltud. 
of  ap.clflc  angina  threat,  1.  alw.y.  1...  than  th.  th.or.tlc.l 
v.loclty  c#  t,  du.  to  th.  .ff.«t  of  hydraulic  and  thermal  lo..«. 
m  th.  axhauat  ayat..  and  a.  .  r.ault  of  a  c.rt.ln  non.unifor.tty 
and  .pin  of  th.  flow  at  th.  turbin.  outl.t  (in  other  word., 
velocity  ca  d.vi.t..  fro-  th.  axial  diraction).  Taking  all  th... 
lo...a  into  account  through  th.  ao-c.ll.d  v.loclty  co.ffici.nt 
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of  th.  j.t  noizU,  qPj #n  -  cg/c#  t,  determined  fro.  .zp.rl.nc., 
•  nd  axpreaalng  th.  temperature  ratio  in  formula  (8.t)  by  tha 
corr*»pondin^  pr«aiur«  ratio,  w#  obtain 


rJ«n  ; 


t:  !  i  ■ 


-I*)' 


(8.2) 


ah.r.  pj  i.  th.  total  pr.a.ura  at  th.  turbine  outlet | 

p.  i.  th.  atatlc  pr.a.ur.  in  tha  outlet  croea-e.ction 
of  the  Jat  nozzle) 

p5/p.  '  *j.n  *•  th*  expanelon  ratio  in  tha  j.t  nozzle. 

For  modern  turbojet  engine,  the  velocity  coefficient  of  the 
Jet  nozzle  u.ider  the  dealgned  regime  le  n  .  0.96  to  0.98. 

If  there  la  completa  gee  expanelon  to  atmoapherlc  pro. sure 
in  the  nozzle  we  muat  aubetitut.  p<  .  pH  m  formula  (8.2),  or 
pe  "  P0  lf  th*  #n«in«  operate,  on  the  ground. 

If  there  la  a  auparcrltical  preeeure  drop  in  the  jet  nozzle 
th.  gae  in  a  elmpla  convergent  J.t  nozzle  will,  ..  we  know,  ex¬ 
pand  only  to  a  critical  praeeure  equaling  p^  a  S  ^p*  >  p  , 
acquiring  a  critical  exhauet  velocity  c#  ^'in  th^  proceed. 

If  the  air. peed  le  lncreaeed  the  velocity  head  compreeelon 
ratio  will  incraaee  ao  that  under  oth.rwlee  unchanged  condltiona 
th.  total  preeeure  pj  behind  the  turbine  will  be  lncreaeed,  .. 
we  ehowed  earlier.  Conaequently,  the  preeeure  ratio  pe/p^  tn- 
creaaee,  and  at  high  eupereonic  alrepeeda  the  preeeure  drop  in 
Jtt  nocalt  bzcoata  supercritical . 

However,  in  a  aiaple  convergent  Jet  nozzle  it  le  lmpoeelble 
to  exploit  a  auparcrltical  preeeure  drop  completely,  in  other 
word.,  to  expand  the  gae  to  atmoapherlc  preeeure  pH  if  P|/p„  >  1 /p  , 
and  to  obtain  an  exhauet  velocity  c>  that  la  greater  than  critical" 
velocity  c#  er,  or  eupereonic.  Therefore,  in  a  turbojet  engine 
with  eimple  Jet  nozzle  the  .pacific  thru.t  obtained  for  p|/p  > 
>,^*cr  *•••  th*n  I*  could  be  under  oth.rwlee  equal  condition.. 

But  in  the  caee  of  complete  gae  expanelon  to  a  preeeure  p  .  p  , 
where  the  exhauet  velocity  become,  eupereonic,  thie  loee  in  the 
thru.t  of  the  turbojet  engine  that  le  due  to  incomplete  gae  ex- 
panaion  in  a  eimple  Jet  nozzle  becoaee  appreciable,  etarting  out 
from  an  alrepeed  approximately  correeponding  to  a  Mach  number  of 
Mh  -  1.5  to  1.6,  and  lncreaeee  rapidly  with  a  further  Incraaee  in 
alrepeed . 

Ae  a  reeult  It  becomea  naceeeary  to  uee  eupereonic  divergent 
Jet  noezlea  (eee  figure  97)  for  turbojet  engine.  Intended  for 
employment  at  high  eupereonic  alrepeeda,  in  place  of  the  eimple 
convergent  Jet  noezlea. 
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Figure  97 i  Diagram  of  a  supersonic  Jet  nozzle. 

Using  a  supersonic  Jat  nozzle  in  place  of  a  simple  nozzle 
makes  it  possible  to  Increase  the  specific  thrust  of  a  turbojet 
engine  under  supercritical  pressure  drops  and  a  given  value  for 
Tg  and  to  reduce  its  specific  fuel  consumption  accordingly,  since 
the  supersonic  nozzle  differs  from  the  simple  nozzle  in  that  it 
is  possible  to  accomplish  supercritical  pressure  drops  and  to 
obtain  a  supersonic  gas  exhaust  velocity. 

Thus,  for  instance,  at  a  Mach  number  ■  2  and  an  altitude 
of  H  ■  11,000  meters  the  specific  thrust  of  a  turbojet  engine  with 
supersonic  Jet  nozzle  can  be  greater  by  20  to  25  %  than  for  the 
same  engine  with  a  simple  Jet  nozzle.  At  still  greater  airspeeds 
this  gain  becomes  even  more  significant. 

The  length  lj  n  of  the  divergent  part  of  a  supersonic  Jet 

nozzle  i*  determined  by  the  magnitude  of  the  ratio  F  /F  a  D2/D2 

e  cr  e  cr 

and  by  the  angle  of  aperture  aj#n  of  that  part  of  the  Jet  nozzle 
(see  figure  97) . 

For  a  given  magnitude  F#/^cr  the  length  and  weight  of  the  Jet 
nozzle,  and  also  the  surface  area  of  its  walls,  will  increase  with 
decreasing  angle  of  aperture  n«  This  leads  to  an  Increase  of 
gas  friction  losses  in  the  nozzle  and  to  an  increase  in  the  quanti¬ 
ty  of  air  required  to  cool  the  nozzle  walls.  Under  excessively 
great  angles  a  j  n  the  gas  flow  at  the  nozzle  outlet  becomes  sig¬ 
nificantly  non-parallel  with  respect  to  the  longitudinal  nozzle 
axis,  and  the  flow  can  separate  from  the  nozzle  walls,  leading  to 

a  reduction  in  engine  thrust.  As  a  rule,  therefore,  a  a  25  to 
o  J » n 

30  .  However,  the  subsonic  part  of  a  supersonic  nozzle  is  usually 

designed  with  an  angle  ■  90  to  120°. 

j .  n 

The  area  ratio  **e/rcr  ia  called  the  divergence  of  a  supersonic 
is t  nozzle  and  is  uniquely  determined  by  the  gas  expansion  ratio 
Cj  n  in  the  Jet  nozzle. 

The  dependence  of  Fa/Fcr  on  for  k*  ■  1.33  is  shown  in 

figure  98*  where  it  is  seen  that  the  required  divergence  of  a 
supersonic  Jet  nozzle  Increases  with  increasing  ^  «  pg/p^. 
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Jet  nozzle  on  the  ...  1^'°^ 

the  nozzle . 

nozzle^nt  a  P1~“Ur#  P5  •*  ‘he  inlet  of  auch  a 

In  nozzle  diverg^n^t tUd*  ^  diV8r««nc.,  or  with  a  change 

nozzle  the  constant  preaaure  pj  in  front  of  the 

ozzle.  the  pres eure  p#  in  the  nozzle  outlet  tree -.action  will 

Changed  and  can  become  either  greater  or  le.a  than  the  at.no- 
apherlc  preasure  pH> 

atmospheric  n<>Iitl*  dlVergenCe  •“Ur#S  oxpanaion  to 

atinoapherlc  preaaure,  in  other  worda,  if  P  .  p  ,nd  c  ./ 

that r°gin10  °f  operation  ia  called  a°de.l”neH  J.l'L  ^ 

8n*ln*  ‘hrU,,t  U  d«‘<»™lned  according  to  fonnul. 

r  •-m-  -  - 

z  rz  zr:\rzr 

.. z  rizz‘-  t  ;.*r  —•  -  ~ 

of  a  c ount erpreaaure  ,  >.  ......  .  enoct 

in  the  flow  where  th  “  *’  obli<»««  shock  wave,  are  formed 

low  where  the  preaaure  ia  increaaed  to  o  a.  1 1  < 
schematically  i„  figure  99.  In  th.t  P«’  <‘hOWn 

c. g..  ..  ,  caae,  as  in  the  preceding 

d.  .™i‘  d  r  V  °ity  ^  ‘h*  n°“1-  «”•— -ction  i. 

-  pi!  t  *°COrd,nC#  "lth  thB  expansion  ratio  .  . 

enTiV C0^r••p0nd•  t0  given  nozzle  divergence.  Th^ 

w^ttlnTflir  “  ‘CCOrdlne  ^  <a-6>  "hioh  can  b. 

written  a.  follow.,  taking  into  coneid.ration  th.t  p  <  » 

e  • 


v)-FAPh-P,). 
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Figure  99*  Diagram  of  the  operation  of  an  over- 
expanded  supersonic  jet  nozzle. 

However,  experience  shows  that  if  the  pressure  ratio  Pe/pH 
becomes  less  than  a  certain  magnitude  (po/pH)8ep  <  1  as  a  result 
of  gas  overexpansion,  the  boundary  layer  will  separate  from  the 
nozzle  walls  and  the  oblique  shock  waves  described  above  will 
move  inside  the  Jet  nozzle.  A  gas  flow  diagram  with  flow  separa¬ 
tion  from  the  nozzle  walls  under  an  overexpansion  regime  is  shown 
in  figure  100.  The  pressure  ratio  (p#/pH)#ep  where  flow  separa¬ 
tion  from  the  nozzle  walls  begins  under  an  overexpansion  regime 
depends  primarily  on  nozzle  divergence  and  on  the  angle  of 
aperture  The  averaged  dependence  of  this  ratio  on  ^#/^cr 

for  n  ^  30°,  plotted  on  the  basis  of  available  experimental 
data,  is  shown  in  figure  101. 


Figure  100 i  Gas  flow  diagram  with  flow  separation  from 
the  nozzle  walls. 
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The  pressure  at  the  internal  part  of  the  nozzle  surface  behind 
the  flow  separation  plane  x  x  (see  figure  100)  is  close  to  the  ex¬ 
ternal  pressure  pH,  so  that  part  of  the  nozzle  is  practically  not 
involved  in  thrust  generation.  Therefore,  in  case  of  flow  separa¬ 
tion  under  an  overexpansion  regime  the  thrust  of  the  engine  must 
be  determined  according  to  the  formula 
P  V)  -FAr,,- 

wher*  c^,  F^,  and  p^  ar<  the  velocity,  flow  area,  and  pressure  in 
the  nozzle  cross-section  x  x  where  flow 
separation  from  the  nozzle  walls  begins • 

For  high  supersonic  airspeeds,  where  the  pressure  ratio  pj/pH 
is  great,  it  usually  proves  expedient  to  use  a  supersonic  jet 
nozzle  with  reduced  divergence  that  will  not  provide  full  gas 
expansion  to  atmospheric  pressure  pH  for  the  designed  airspeed 
and  altitude.  This  is  explained  by  the  fact  that  for  large  values 
of  P*j>/pH  a  reduction  in  the  gas  expansion  ratio  in  the  nozzle  to 
approximately  eJ<ntf0.75  P|/ph  will  result,  under  otherwise  un¬ 
changed  conditions,  in  a  relatively  small  reduction  of  the  thrust 
of  a  turbojet  engine.  At  the  same  time  the  required  nozzle 
divergence  and,  consequently,  the  nozzle  weight  and  length  as  well, 
are  significantly  reduced.  Moreover,  the  nozzle  outlet  diameter 
De  is  also  reduced  in  the  process,  contributing  toward  a  reduction 
of  engine  drag.  The  most  favorable  divergence  of  a  supersonic 
nozzle  is  established  on  the  basis  of  comparative  effective  thrust 

and  engine  weight  calculations  for  different  values  of  F  /F 

e'  cr 


Figure  101*  Dependence  of  (p  /p.,)  on 
nozzl.  divergence. 

If  there  is  a  change  in  the  airspeed  and  altitude  and  in  the 
regime  of  engine  operation  designed  for  high  supersonic  airspeeds, 
the  pressure  ratio  p| /pR  will  vary  within  wide  limits.  In  parti¬ 
cular,  under  otherwise  equal  conditions  the  pressure  p*  as  well 
as  the  pressure  along  the  engine  tract  in  general  and,  consequently, 
P|/ph  as  well,  will  be  reduced  with  a  reduction  in  airspeed,  due 

to  a  reduction  in  the  aggregate  compression  ratio  tt*.  Thus,  for 

c 

Instance,  a  turbojet  engine  with  tt*0  •  8  and  T»  »  1300°  K  at  an 
airspeed  corresponding  to  a  Mach  number  Mjj  •  3  and  an  altitude 
of  20  km  will  achieve  a  pressure  ratio  of  pg/pH  x.'.  20,  while  the 
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aam«  engine  operating  under  a  regime  of  maximum  thrust  in  static 
operation  on  the  ground  (upon  taka-off)  has  a  value  of  pj/pH*42.9. 

Consequently,  if  a  supersonic  jet  nozzle  Is  designed  so  that 
its  divergence  ensures  complete  or  close  to  complete  gas  expansion 
at  maximum  airspeed  and  altitude,  such  a  nozzle  will  operate  under 
overexpansion  regimes  at  slow  airspeeds.  The  greater 
the  designed  airspeed  and  altitude  for  the  nozzle  (the  greater  its 
divergence),  the  more  significant  will  be  the  overexpanaion  of  the 
gas  in  the  nozzle  and,  consequently,  the  greater  will  be  the  thrust 
degeneration  of  the  turbojet  engine  at  slow  airspeeds,  especially 
upon  take-off  (in  comparison  to  a  nozzle  designed  for  this  air¬ 
speed).  The  thrust  degeneration  can  be  reduced  by  using  a  so- 
called  trade  -off  Jet  nozzle.  This  type  of  nozzle  has  less  diver¬ 
gence  than  required  for  maximum  airspeed  so  that  it  operates  under 
an  underexpansion  regime  at  this  airspeed,  but  instead  it  will  not 
cause  significant  thrust  degeneration  at  slow  airspeeds  due  to  great 
overexpanaion  of  the  gaa  in  the  nozzle.  However,  using  a  trade-off 
Jet  nozzle  that  ensures  sufficient  overexpanaion  of  the  gas  at  slow 
airsp.ads  can  lead  to  a  significant  loss  of  thrust  at  maximum  air¬ 
speed  (due  to  great  underexpansion),  if  this  airspeed  is  high. 

for  most  effective  use,  supersonic  Jet  nozzles  must  be  control¬ 
led  so  that  they  ensure  complete  or  close  to  complete  gas  expansion 
with  a  minimum  of  losses  at  all  airspeeds  and  altitudes  and  under 
all  regimes  of  engine  operation.  In  order  to  accomplish  this  type 
of  control  It  must  be  possible  to  vary  the  nozzle  divergence  F  /f 
in  accordance  with  the  change  in  the  pressure  ratio  pig/Pjj  while 
the  engine  is  in  operation. 

The  areas  of  the  outlet  cross-section  and  the  critical 
cross-section  rer  of  a  supersonic  Jet  nozzle  and  the  ratio  between 
these  arena  can  be  varied  by  displacing  the  internal  angles  1  (see 
figure  102, a),  by  turning  the  flaps  2  forming  the  nozzle  wells 
(see  figure  102, b),  by  displacing  the  internal  angles  1  and  turning 
the  flaps  2  (see  figure  102, c),  by  turning  the  flaps  3  to  change 
the  nozzle  outlet  cross-section  F*  and  injecting  air  (see  figure 
102, d)  to  change  the  critical  flow  area  (in  other  words,  through 
pneumatic  or  gat  dynamic  nozzle  control),  and  by  other  means.  It 
is  obvious  that  the  most  advantageous  control  of  a  supersonic  nozzle 
will  be  achieved  if  the  outlet  cross-section  and  critical  cross- 
section  are  varied  independently  (see  figure  102,  c  and  d).  How¬ 
ever,  this  complicates  the  nozzle  control  system.  A  nozzle  designed 
according  to  the  diagram  shown  in  figure  102, b  is  simpler  and 
easier  to  achieve,  but  in  this  type  of  nozzle  a  change  in  the  out¬ 
let  cross-section  will  be  accompanied  by  a  simultaneous  change  in 
the  critical  cross-section,  which  is  far  from  always  being  favorable. 
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Figure  102i  Diagram  of  the  control  of  auparaonic  Jot 
nozzles . 

2-  Concept  of  the  Reverse  Thrust  of  a  Turbojet  Engine 

Reverse  thrust  is  defined  as  shifting  the  thrust  effect  in 
the  opposite  direction  so  that  a  negative  thrust  is  generated  that 
la  directed  opposite  to  the  motion  of  the  aircraft  and,  consequent¬ 
ly,  causes  the  aircraft  to  slow  down. 

The  reverse  thrust  of  a  turbojet  engine  is  a  ver-,  effective 
means  or  shortening  the  hold-off  distance  and  rolling  distance 
of  fast  aircraft  during  landings.  Thus,  for  Instance,  exploiting 
the  reverse  thrust  of  a  turbojet  engine  can  shorten  the  rolling 
distance  of  the  aircraft  on  a  wet  runway  and  especially  on  an  icy 
runway  1.5  to  2  times  and  more,  compared  to  braking  with  drag 
chute  and  brakes.  And  the  hold-off  distance  of  an  aircraft  prior 
to  landing  can  be  reduced  2  to  2.5  times  with  the  aid  of  reverse 
thrust.  Also,  reverse  thrust  can  be  used  as  a  means  for  slowing 
down  the  aircraft  in  flight,  if  it  is  necessary  to  reduce  the  air- 
speed  rapidly. 

The  reverse  thrust  of  a  turbojet  engine  is  accomplished  by 
means  of  suitable  reversal  of  the  gas  flow  departing  from  the 
engine,  using  special  devices  that  can  be  made  in  accordance  with 
different  designs.  Some  of  the  possible  designs  for  these  devices 
are  shown  in  figure  103 «  Mechanical  reversers  are  used  to  turn 
the  gas  flow,  for  instance,  turning  flaps  1  (see  figure  103, a)  or 
slides  2  that  direct  the  flow  to  a  grill  which  turns  the  flow 
(see  figure  103,b),  as  well  as  devices  where  the  flow  is  initially 
turned  pneumatically.  In  the  last  case  (see  figure  103,c)  a  Jet 
of  compressed  air  diverted  from  the  compressor  and  amounting  to 
3  to  5  %  of  the  total  air  flow  through  the  engine  is  injected  into 
the  central  part  of  the  gas  flow  through  an  insert  3.  This  jet 
deflects  the  flow  to  the  grille  that  turns  it  into  the  direction 
opposite  to  the  motion  of  the  aircraft. 
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Tlgur.  103,  Designs  of  thrust  reveraers. 

Thrust  rsverssrs  of  turboj.t  engines  must  satisfy  th.  follow- 
in£  basic  requirement  s  r 

th  !!*!  "U,t  *"n,rat*  •  "-«*‘ivs  thrust  amounting  to  not  1... 

"  l  th“  ",aXl"U"  PO,ltlV<  thrUlt  «—rated  by  th.  online 

*  C  opBr-tiD"  ‘h.  ground  without  thrust  revers.r, 

thrusIT  ‘nSUr’  *  raPtd  t-"‘ltl0n  —i—  negative 

•vent  of°.r  "U“  P°*itlV*  thrU,t’  Whlch  18  important  in  the 

•vent  of  an  unsuccessful  aircraft  landingi 

they  must  not  disrupt  nonsal  sngin.  operation  and  au.t  not 

sppr.ci.bly  affect  th.  weight  and  sis.  0f  th.  power  plant, 

th  ^  CaU"  da"ae*  ‘°  ‘irCr“ft  p8r*‘  resulting  from 

the  effect  of  tha  deflected  gas  jet. 

enginrund.TltUd*  T  r'V,r**  Pr.v  «•"•"**  by  a  turboj.t 

engine  under  reversing  condition,  depends  on  th.  quantity  of 

"oT  hravfi*”*ct,d  by  tha  ravaraar  . . .  ^  — 

3...  on  th.  flow  deflect  ion  angle  p  of  that  quantity  of  gas. 
s  a  rule.  th.  relative  Magnitude  of  negative  thrust  P  i.  Con- 

rr*jh>t  is  p-/p’ whar#  p  *■ **»•*  -  th.  t^oj.r 

ngin.  under  th.  norv.,1  regia,  with  disengaged  reveraer.  The 
°Thr*V</  1#  C*U*d  th*  ^rust  rsvsrsine 

The  dependence  of  the  rev.r.ing  coefficient  on  th.  relative 

ZZ'l  ;f9“oaS  V/0  -  -  terser  under  differ.:! 

angle.  >  90  ,„d  for  V  .  O  i.  shown  in  flgure  1o4t 
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Figure  104i  Dependence  of  the  thrust  reversing  co¬ 
efficient  of  a  turbojet  engine  on  the  quantity  of 
deflected  gas. 

It  is  seen  that  the  value  of  the  reversing  coefficient  will 
increase  rapidly  with  increasing  relative  quantity  of  deflected 
gas  and  increasing  angle  p.  However,  increasing  this  angle  to 
more  than  p « 150°  is  not  advantageous  since  in  that  case  the  mag¬ 
nitude  of  negative  thrust  will  increase  only  little  (see  figure  105) 
and  the  danger  will  arise  that  aircraft  parts  are  strongly  heated 
and  damaged  by  the  effect  of  the  deflected  gas  flow. 


Ml 
ft 

rr 

”  /<:o  mo  /■:  a  tso  'tiro  f* 

Figure  105*  Dependence  of  the  thrust  reversing  co¬ 
efficient  of  a  turbojet  engine  on  the  deflection  angle 
of  the  gas  flow. 

A  relatively  great  quantity  of  gas  must  be  deflected  in  the 
thrust  reverser  of  a  turbojet  engine  in  order  to  obtain  the  negative 
thrust  required  for  a  landing  by  a  fast  aircraft.  Thus,  for  instance, 
in  order  to  obtain  a  value  of  Prey/P  ■  -(0.4  to  0.5)  at  an  angle 
of  P«  120°  to  150°,  it  is  necessary  to  have,  accordingly,  t  /g  * 

*  0.8  to  1.0. 
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CHAPTER  9 

dependence  of  the  specific  thrust  and  economy  of 

TURBOJET  ENGINES  ON  THE  BASIC  PARAMETERS  OF  THE 
OPERATING  PROCESS 


1 •  Specific  Thruafc 

The  specific  thru.t  P,p  for  .  given  air.p.ed  end  altitude  i, 
directly  dependent  on  the  gee  exh.u.t  velocity  from  the  j.t  nozz.e. 
If  -e  aasume  for  aimplicity  that  th.  ga,  i.  .xp.„d.d  to  atmo_ 
apheric  pr.a.ure  in  th.  J.t  nozzle,  .0  that  P#  .  pH  ,  the  ap.cific 
thruat  la  expreesed  by  the  formula.  " 

p  .■ 

»P  K 

!t  waa  ahown  in  th.  preceding  chapter  (ae.  formula  8.2)  that 
the  ga.  exhauat  velocity  from  th.  J.t  nozzl.  of  a  turbojet  engine 
Tor  a  given  value  of  pre.aure  p#  .  pH  depend.  only  on  th.  ,t 
tlon  temperature  Tg  and  th.  total  pre.aure  p.  .t  the  turbine  out¬ 
let.  The  following  relat ionahlpa  were  obtained  in  Chapter  7  for 
the  temperature  T|  and  th.  pr.a.ure  pj  .t  the  turbine  outlet, 

r.  -  r  ~ .. M  -  ■ 


/>;  - ( I  -  Y -T. 

Moreover,  w.  know  that  the  effective  work  of  th.  compre.aor 
equala 

Thua,  it  i.  readily  seen  that  th.  .p.ciric  thru.t  of  .  turbo¬ 
jet  engine  for  a  given  air.peed  and  altitude  depends  on  the  gaa 
temperature  TJ  in  front  of  th.  turbine,  on  th.  compre.aor  compr.a- 
on  ratio  tt£,  on  the  efficienciaa  of  compressor  and  turbine,  n 
and  t,t.  «„d  on  the  coefficient,  that  tak.  into  account  the  prea- 
loaaea  i„  the  combu.tion  chamb.ra  and  in  the  Jet  nozzle,  a 
«»d  Vj.Bl  in  other  words,  it  depend,  on  the  ba.ic  parameter,  of'' 
the  operating  process  of  a  turbojet  engine. 

Let  u.  conelder  th.  effect  of  e.ch  of  the.,  parameter,  on  the 
apecific  thru.t  of  a  turbojet  engine,  ...uming  that  in  th.  event 
of  .  change  i„  any  on.  parameter  who.,  effect  on  apecific  thru.t 

.  clarified,  all  th.  other  parameter,  and  magnitude,  will  remain 
unchanged . 

The  dependence  of  ap.cific  thru.t  P  on  th.  air  compression 

ratio  in  the  compressor,  n^,  under  different  value,  of  T*  and  for 

njt  •  0.90,  Rk  .  0.85,  »J-n  •  O.97,  andOc  c  .  0.95  at  different 

air.p.ed.  corr.eponding  to  Mach  number.  .  O,  ,,  and  2,  .nd 

altitude*  of  H  *  O  and  H  *  11  km  i«  .vA  _  . 

n  km,  la  shown  in  figures  106  and  107. 
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Figure  106l  Dependence  of  the  specific  thrust  of 
a  turbojet  engine  on  the  compressor  compression 
ratio  on  the  ground. 

It  is  seen  that,  under  otherwise  unchanged  conditions,  the 
specific  thrust  initially  increases  with  increasing  compression 
ratio  in  the  coeipressor  under  T*  ■  const  ,  and  subsequently  begins 
to  decline  after  reaching  a  maximum.  This  type  of  dependence  of 
Psp  on n k  is  aPPlicable  to  different  airspeeds  and  explained  as 
follows . 

If  the  compression  ratio  is  increased  the  thermal  efficiency 
of  the  cycle  or  the  heat  utilization  in  the  engine  increases,  as 
we  know  from  Chapter  3,  contributing  to  an  increase  of  exhaust 
velocity  from  the  Jet  nozzle  and,  consequently,  also  to  an  increase 
of  specific  thrust. 

On  the  other  hand,  if  i*  increased  the  air  temperature  T£ 
at  the  compressor  outlet  is  increased,  and  if  the  temperature 
in  front  of  the  turbine  remains  constant  this  will  lead  to  a  re¬ 
duction  in  the  quantity  of  heat  added  to  the  gas.  This  must  in 
itsolf  lead  to  a  reduction  of  gas  exhaust  velocity  from  the  Jet 
nozzle  and,  consequently,  also  to  a  reduction  of  specific  thrust. 

Finally,  if  there  is  an  increase  in  the  compression  ratio  ^ £ 
or,  in  other  words,  in  the  work  consumed  for  air  compression,  the 
absolute  magnitude  of  the  losses  in  the  compressor  and  in  the 
turbine  will  increase,  if  ■  const  and  n*  •  const.  Since  the 
total  quantity  of  external  heat  Input  is  reduced  in  the  process, 
the  relative  portion  of  heat  consumed  for  these  losses  will  in¬ 
crease  especially  sharply  which,  of  course,  must  contribute  to  a 
reduction  of  velocity  c#  and  to  a  corresponding  reduction  of  speci¬ 
fic  thrust . 
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n* un  107i  Dependence  of  the  epeclflc  throet  of 
•  turbojet  engine  on  the  coapreaelon  ratio  of  the 
coapreeaor  at  an  altitude  of  11  loa. 


To  the  degree  that  the  coaipreiaor  coapreaelon  ratio  Increases 
the  lncreaee  In  thermal  efficiency  becneea  contlnuouely  leaa  ln- 
tenelve  and  coapenaatea  to  a  contlnuouely  leaeer  degree  Tor  the 
negative  effect  of  the  reduction  In  the  quantity  of  heat  Input 
and  the  lncreaee  In  the  relative  quantity  of  heat  expended  to  make 
up  the  loaeee  In  the  coapreeaor  and  In  the  turbine. 

In  the  long  run,  vhen  the  coapreeaor  coapreaelon  ratio  exceeda 
a  certain  value  for  the  given  condltlona,  the  reduction  In  the 
quantity  of  heat  added  to  the  gaa  and  the  lncreaee  of  loaeee  In 
the  coapreaeor  and  in  the  turbine  begin  to  play  a  determinative 
role.  Thte  leade  to  a  reduction  In  the  quantity  of  heat  that  la 
convertible  Into  kinetic  energy  of  the  flow  at  the  engine  outlet, 
and  ax  a  reault  the  apeciric  thruat  la  reduced. 

The  optlaua  value  for  the  air  coapraaalon  ratio  In  the  coaprea- 
,or’  "k  opt*  "h"r*  th»  •  pec  If  Ic  thruat  of  a  turbojet  engine  ha  a  lte 
aaxlaua,  dependa  on  the  paraaetera  or  the  operetta  proceaa  of  the 
engine  aa  well  aa  on  flight  condltlona. 

Calculatlona  ahow  that  the  optlaua  coapreaelon  ratio  -• 
for  obtaining  aaxlaua  apeciric  thruat  lncreeaee  with  lncreaalng 
gaa  temperature  TJ  In  front  of  the  turbine,  coapreeaor  efficiency 
rk'  “nd  turbtn#  efficiency  “T,  and  with  decreasing  coefficient 
•  c  ,c  or*  tn  other  worda,  with  lncreaalng  loaa  of  total  preeaure 
in  the  coabuatlon  chaabera.  Under  otherwiae  unchanged  condltlona 
the  optlaua  coapreealon  ratio"*  decreaaea  with  lncreaalng 

alrapead  at  a  given  altitude  (for  T()  e  conat),  amca  In  that  caae 
the  velocity  head  coapreaelon  ratio  "J  h  and  atagnatlon  teaperature 
T^  at  the  engine  Inlet  are  Increaaed. 


Aa  we  know,  the  velocity  head  coapreaelon  ratio 


with  lncreaalng  altitude  (with  decreaalng  ambient  air  teaperature 
V  1,1  *  *lv,n  alrapeed,  hut  It  ,  Influence  la  felt  to  a  leaeer 
dageee  than  the  redo.  1 1  on  of  ambient  air  teaperature  T^ .  There¬ 
fore,  under  otherwise  unchanged  condltlona  the  coapreaalon  ratio 
"k  opt  ‘"cceaaea  with  Imreaelng  altitude  (or  with  decreeetng  T^ )  . 


RA-0 17-68 


172 


These  typss  of  dependence  for  ng  err  * .plained  es  follows. 
The  greater  the  gas  temperature  TJ  in  front  c-.r  the  turbine,  or  the 
lower  the  ambient  temperature  (and,  consequently,  the  lower  the 
tomperature  T£  at  the  compressor  outlet),  the  greater  will  be  the 
heat  added  to  the  gas  in  the  combustion  chamber  and,  consequently, 
the  later  (at  greater  compression  ratios  in  the  compressor)  the 
negative  effect  of  the  increasing  losses  in  compressor  and  turbine 
on  will  be  felt,  and  tt£  will  be  Increased.  However,  this 
will  also  cause  an  increase  of  the  optimum  compression  ratio  with 
increasing  altitude  and  decreasing  airspeed  or,  in  other  words, 
with  decreasing  Tg  where  TJ  •  const. 

If  compressor  and  turbine  efficiency  are  Increased,  the  relative 

magnitude  of  the  losses  in  these  elements  will  decrease,  so  that 

the  effect  of  losses  on  specific  thrust  becomes  appreciable  only 

at  very  great  compression  ratios.  In  that  case,  this  will  also 

lead  to  an  Increase  in”* 

k  opt 

Under  otherwise  equal  conditions  the  gas  expansion  ratio  in 
the  jet  nozzle  of  the  engine  is  reduced  with  decreasing  coefficient 
of  pressure  loss  in  the  combustion  chamber,  c#  which  leads  to 
an  Increase  in  the  temperature  of  the  exhaust  gases  and,  conse¬ 
quently,  also  to  an  Increase  in  the  quantity  of  heat  carried  off 
by  these  gases.  But  since  an  Increase  of n  £  reduces  the  heat 

carried  off  by  the  exhaust  gases,  the  smaller  the  coefficient  ?  , 

c .  c 

the  greater  will  be  the  values  of  ”£  up  to  which  the  predominant 
effect  of  the  reduction  in  the  heat  removed  with  the  exhaust  gases 
is  maintained.  As  a  result  the  compression  ratio  "  £  is  in¬ 
creased  with  decreasing  ac 

At  high  supersonic  airspeed  the  optimum  compression  ratio  of 
the  compressor  can  even  be  one.  Thus,  for  Instance,  if  TJ  a  1200°K, 
Tl|CrLf;  ■  0.70,  7C(C  *  O.95,  and  if  the  turbojet  engine  has  a  super¬ 
sonic  diffuser  with  ^  -  0.75,  a  value  of "  £  a  1  ia  obtained 
for  an  airspeed  of  V  a  2,650  km/h  at  altitudes  of  H  >  11  km  (at 
a  Hach  number  a  2.5).  This  means  that  under  these  conditions 
the  air  compression  that  is  duo  to  the  effect  of  the  velocity  head 
is  sufficiently  great,  and  that  the  subsequent  air  compression  in 
the  compressor  (  >  l)  does  not  cover  the  losses  of  energy  in¬ 

herent  in  the  compressor  and  the  turbine  that  drives  it.  Conse¬ 
quently,  using  a  turbojet  engine  at  high  supersonic  airspeeds  can 


prove  to  be  unfavorable  from  the  point  of  achieving  the  required 
specific  thrust,  and  in  that  case  the  transition  to  a  compressor¬ 
less  engine  or  ram  Jet  engine  must  be  made.  As  an  exmaple,  figure 

108  shows  the  dependence  of  the  optimum  compression  ration  £  , 

K  opt 

on  the  airspeed  at  altitudes  of  H  ■  0  and  H  *  11  km,  for  TJ  a  1200  K, 


Hknf  ■  0.70,  and  * 


-  0.95. 


c  .  c 
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The  nature  of  the  effect  of  the  gas  temperature  T*  in  front 

of  the  turbine  on  the  specific  thrust  of  a  turbojet  engine  is 

seen  directly  from  the  preceding  formulas  according  to  which  the 

specific  thrust  increases  continuously  with  increasing  temperature 

T*.  The  dependencies  of  P  on  T*  for  two  values  of n  f  and  for 
z  sp  z  ,  k 

ac<c  ■  0.95.  <P *  „  -  0.97,  njt  •  0.90,  nk  -  0.85  'at  different  air¬ 
speeds  (flight  Mach  numbers)  and  altitudes  are  shown  in  figure  109* 


Figure  109i  Dependence  of  the  specific  thrust  of  a 
turbojet  engine  on  the  temperatures  in  front  of  the 
turbine . 

It  is  seen  that  Increasing  the  temperature  in  front  of  the 
turbine  is  a  very  effective  means  of  increasing  the  specific 
thrust,  and  that  its  effectiveness  will  increase  with  increasing 
compression  ratio  in  the  compressor  and  increasing  airspeed. 

If  the  gas  temperature  in  front  of  the  turbine  is  too  low 
it  can  turn  out  that  the  heat  added  to  the  gas  in  the  combustion 
chambers  is  only  sufficient  to  cover  the  thermal,  hydraulical, 
and  mechanical  losses  in  the  engine.  In  that  case  the  gas  flow 
is  not  accelerated  in  the  engine,  and  the  thrust  becomes  equal 
to  zero. 

Unless  they  are  specif  led,  the  same  values  for  these 
magnitudes  are  also  used  in  the  subsequent  exmaples  to  which 
the  graphs  in  the  figures  of  the  present  chapter  refer. 
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The  dependence  of  epecific  thrust  on  the  product  of  compres¬ 
sor  efficiency  end  turbine  efficiency,  for  n  g  .  6  end  T*  a 

1200  K  and  for  different  airspeeds  and  altitudes  is  shown  in* 
figure  110.  It  is  seen  that  the  efficiencies  of  compressor  and 
turbine  have  a  significant  effect  on  the  megnitude  of  specific 
thrust . 


figure  1101  Dependence  of  the  specific  thrust  of 
a  turbojet  engine  on  compressor  efficiency  and 
turbine  efficiency. 

The  effect  of  the  loss  in  total  pressure  in  the  combustion 
chambers  (coefficient  °e<.)  on  specific  thrust  1.  shown  in  figure 
111,  where  it  la  seen  that  a  variation  of  this  loss  within  the 
limits  from  8  to  lo  ^  has  a  relatively  low  effect  on  the  magnitude 
of  spec  if ic  thrust. 


figure  till  Dependence  of  the  specific  thrust  of  a 
turbojet  engine  on  resistance  in  the  combustion  chambers. 

As  far  as  the  dependence  of  specific  thrust  on  the  losses  in 
the  engine  exhaust  system  (on  the  coefficient  q,  n)  is  concerned, 
this  dependence  is  obvious  from  the  preceding  foraulas  and  re¬ 
quires  no  special  explanations.  It  should  merely  be  noted  that 
the  effect  of  <pJn  increases  strongly  with  increasing  airspeed. 
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2-  E<?-Pnomy  of  .  Turbojet  Enjln. 

WM  shown  earlier  that  tha  thermal  economy  of  a  turbojet 
angina  la  datarmlnad  by  tha  product  of  affactlva  angina  efficiency 
Tl#  and  propuleive  afficiancy  f)  .  At  a  given  alrapaad  V  and  calo¬ 
rific  capacity  Hu  of  tha  fuel,  tha  aconoay  la  deacrlbed  directly 
by  the  apecific  fual  consumption. 


Uf7/„V»ir 


L*t  ua  axaaina  tha  affact  of  tha  basic  parameters  of  the 
operating  proceaa  of  the  engine  on  these  efficiencies  and  on 
apecific  fuel  consumption. 

The  following  formula  was  obtained  earlier  for  the  effective 
afficiencyt 

If  we  now  dote  nine  tha  ratio  *10/HU  according  to  formula  (6.2) 
according  to  which 


!=_-ltwSL. 


nr 


wa  can  write  aa  followe  for  n  i 

r  -  '") 

"  !k‘„  - 

It  la  eaan  from  thia  formula  that  the  affective  efficiency 
°**  *  turbojet  angina  depend,  on  tha  ease  parameter,  of  tha  operat¬ 
ing  procaaa  aa  tha  apecific  thruat  (fiB  ae  wall  aa  PBp  are  function, 
of  the  velocity  c#)  and,  in  addition,  on  the  heat  release  coefficient 
®  c.c  or*  in  oth,r  word.,  on  the  heat  loeaae  during  combuetion. 

At  tha  earns  time,  if  tha  turbine  efficiency  q|;  and  tha  compres- 
aor  efficiency  nk  ae  wall  aa  tha  coefficient  (pc  are  Increased, 
tha  affective  efficiency  will  lncraaea  at  a  faatar  rate  than  the 
specific  thruat,  elnce  tha  magnitude  of  t)b  la  determined,  under 
otherwise  equal  condition.,  by  the  kinetic  energy  of  the  gas  at 
the  engine  outlet,  c#/2g,  while  only  tha  gae  exhaust  velocity  c 
at  tha  engine  outlet  enters  into  the  expression  for  specific 
thrust . 

The  effect  of  the  compressor  compression  ratio  n  £  on  the 
sfftctlve  efficiency  r)^  for  different  temperatures  T*  in  front 
of  the  turbine  and  different  flight  Mach  number.  M,,  is  illustrated 
by  the  curves  shown  In  figure  112.  Analysis  of  these  curves  shows 
that  If  the  compression  ratio  in  the  compressor  is  increased,  the 
effective  efficiency,  unlike  the  thermal  efficiency  T]  (see 
Chapter  3),  Increases  only  until  a  certain  value  forn  J*  is  reached 
and  subsequently  begins  to  decline.  This  type  of  dependence  of 
tie  on  "£  is  explained  by  the  sane  causes  as  the  dependence  of 
specific  thrust  on  ttJJj  in  other  words,  simultaneously  with  the 
increase  in  tt  g  for  TJ  >  const  there  is  an  increase  in  thermal 
efficiency,  a  reduction  in  the  quantity  of  heat  added  to  the  cycle, 
and  an  increase  in  the  absolute  magnitude  of  the  losses  in  compres- 
•or  and  turbine* 
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Figure  1  12 «  Dependence  of  the  effective  efficiency  of 
a  turbojet  engine  on  the  compression  ratio  in  the 
compressor • 

If  we  compare  the  graphs  shown  in  figures  112,  106,  and  107 
we  can  note  that,  under  otherwise  equal  conditions,  the  maximum 
of  effective  efficiency  is  reached  at  a  greater  compressor  compres¬ 
sion  ratio  than  the  maximum  of  specific  thrust.  This  is  due  to 
the  fact  that  the  magnitude  of  effective  efficiency  is  determined 
by  the  ratio  between  the  increase  in  the  kinetic  energy  acquired 
by  the  gas  flow  in  the  engine  and  the  expended  heat,  while  the 
magnitude  of  specific  thrust  depends  only  oi\  the  increase  of  gas 
velocity  in  the  engine.  If  the  compression  ratio  is  increased 
with  TJ  ■  const,  the  heat  added  to  the  gas  in  the  combustion  chambers 
is  continuously  reduced,  and  consequently,  it  is  obvious  that  the 
maximum  of  v)*  sets  in  at  greater  values  of  nj  than  the  maximum 
of  ce/2g.  ce,  or  Pap. 

Th.  affect  of  the  temperature  TJ  in  front  of  the  turbine 
on  the  effective  efficiency  for  different  flight  Mach  numbers 
Mjj  Is  shown  in  figure  113.  It  is  seen  that  the  effective  efficiency 
increases  continuously  with  increasing  T*.  Physically  this  is 
explained  by  the  fact  that  if  T»  is  increased  with  T*  >  const, 

Tlk  a  const,  and  a  const,  the  absolute  magnitude  of  heat  losses 
in  the  engine  increases  at  a  slower  rate  than  the  quantity  of  heat 
input,  since  in  this  case  the  losses  in  compressor  and  turbine 
remain  unchanged  due  to  f*  .  const.  Consequently,  under  these 
conditions  the  relative  magnitude  of  the  heat  lost  in  the  engine 
is  reduced  with  increasing  TJ,  and  the  effective  efficiency  n 
increases  accordingly. 


Figure  1  13  i  Dependence  of  the  effective  efficiency 
of  a  turbojet  engine  on  the  temperature  in  front  of 
the  turbine. 
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Th»  dependence  of  the  propulsive  efficiency  r]  on  the  basic 
parameters  of  the  operating  process  can  be  examined  in  a  general 
form  with  the  aid  of  the  already  known  formula 


Let  us  express  the  exhaust  velocity  from  the  Jet  nozsle  in  this 
formula  by  the  specific  thrust,  so  that 


Consequently , 
following  formulas 


the  propulsive  efficiency  is  expressed  by  the 


>+4»p 


Thl»  expression  Implies  that  an  Increase  of  specific  thrust 

at  a  given  airspeed  (due  to  an  Increase  in  T«,  rik,  r|,t,  and 

others)  leads  to  a  reduction  of  propulsive  efficiency  (as  a  result 

of  the  increase  In  velocity  c^  at  V  ■  conet)  and ,  conversely,  a 

decrease  of  specific  thrust  (due  to  the  Increase  of  n*  above 

k  k  opt 

or  the  reduction  of  T*  and  others)  leads  to  an  increase  of  pro* 
pulslve  efficiency. 

Characteristic  dependencies  of  propulaive  efficiency  t]  on 
'lj  and  T»  for  a  given  airspeed  (^  ■  2)  and  otherwise  unchanged 
conditions  are  shown  in  figures  Ilk  and  115  where  the  corresponding 

curves  for  effective  efficiency  n  and  economic  efficiency  V  • 

■  econ 

***•  *l*o  plotted  (dotted  curves)  for  comparison  purposes. 
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Figure  11 4*  Dependence  of  the 
efficiencies  rj  ,  r\  #  and  h 
of  a  turbojet  engine  on  thJcon 
compression  ratio  In  the  compres¬ 
sor. 


Figure  115t  Dependence  of  the 
efficiencies  r)  ,  r\  ,  and  r\ 
of  a  turbojet  SnglRe  on  thlcon 
temperature  in  front  of  the 
turbine. 


Let  us  now  establish  a  direct  connection  between  the  specific 
fuel  consumption  and  the  basic  parameters  of  the  engine  operating 
process.  For  this  purpose  we  use  the  already  known  formula  for 
the  specific  fuel  consumption  which  is 


r  —  3500 
^P~  »'*v 
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Expressing  alQ 
difference  TJ  -  TJ, 


according  to  formula  (6.2)  by  tha  temperature 
we  obtain 


C’  -- 


-  O 

9P 


Thus,  in  addition  to  the  same  parameters  of  the  operating 
process  on  which  the  specific  thrust  depends,  the  specific  fuel 
consumption  also  depends  on  the  calorific  capacity  Hu  of  the  fuel 
and  on  the  heat  release  coefficient  in  the  combustion  chambers, 

5  c  c,  increasing  with  decreasing  Hu  as  well  as  decreasing  ?c  • 

If  the  turbine  efficiency  and  the  coefficients  <Pj  n  and 
a  are  increased,  the  specific  fuel  consumption  will  decrease 
at  the  same  rate  as  the  specific  thrust  increases  during  this 
process.  However,  if  the  compressor  efficiency  r\  is  increased, 
the  specific  fuel  consumption  is  reduced  to  a  lesser  degree  than 
it  is  for  the  same  Increase  of  turbine  efficiency.  This  is  ex* 
plained  by  the  same  causes  that  were  shown  when  we  considered 
the  dependence  of  effective  engine  efficiency  on  and  rig;. 

As  an  example,  figure  116  shows  the  dependence  of  specific 
fuel  consumption  on  the  compressor  efficiency  ^  and  turbine  ef- 
flci.ncy  r)»  for  -  6  and  T*  •  1200°K|  «H  •  O  »nd  Mjj  »  2.  Th. 
solid  curves  in  this  figure  represent  the  dependence  of  on 
flji  at  a  constant  compressor  efficiency  ■  O.85  ■  const,  while 
the  dotted  curves  correspond  to  the  depsndencs  of  C#j>  on  r\^  for 
"gl  m  0.90  m  const.  Comparable  dependencies  for  are  obtained 
for  different  values  of  tt#,  T* ,  and  MH. 


Figure  1 1 6 s  Dependence  of  the  specific  fuel  consumption 
of  a  turbojet  engine  on  compressor  and  turbine  efficiencies. 

The  dependence  of  specific  fuel  consumption  on  the  compres¬ 
sor  compression  ratio  for  Mg  ■  0  and  Mg  ■  2  and  different  gas 
temperatures  in  front  of  the  turbine  is  shown  in  figure  117. 
Examination  of  these  dependencies  permits  the  following  conclusions} 
an  increase  in  compressor  compression  ratio  can  reduce  the 
specific  fuel  consumption  significantly} 

the  specific  fuel  consumption  decreases  with  increasing 
compressor  compression  ratio  only  up  to  the  known  limit  where  it 
reaches  a  minimum,  and  subsequently  begins  to  increase  with  a 
further  increase  of 
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th«  greater  the  gas  temperature  in  front  of  the  turbine,  T*, 
the  greater  will  be  the  optimum  compressor  compression  ratio1'  JJ 
where  the  minimum  of  specific  fuel  consumption  is  reached! 

for  identical  values  of  T*  and  under  otherwise  equal  condi¬ 
tions  the  compressor  compression  ratio  at  which  a  minimum  of  fuel 
consumption  is  obtained  will  be  significantly  greater  than  the 
compression  ratio  that  corresponds  to  the  maximum  of  specific 
thrust,  as  well  as  to  the  maximum  of  effective  efficiency. 


rigure  1171  Dependence  of  the  epeclflc  fuel 
consumption  of  a  turbojet  engine  on  the 
compression  ratio. 

The  nature  of  these  dependencies  of  the  apeciflc  fuel  con¬ 
sumption  Cflp  on  the  compressor  compression  ratio  that  remain  valid 
even  under  flight  conditions  where  My  >  O,  is  explained  as  follows. 

If  the  compression  ratio7'*  is  increased  at  V  •  const,  the 
effective  efficiency  increases  initially  (see  figure  117),  and 
the  propulsive  efficiency  n  ,  as  we  showed  above  (see  figure  119), 
is  reduced,  but  to  a  lesser  degree  than  the  increase  of  n  .  There¬ 
fore,  the  economic  efficiency  1>con  *  ne7lp  increases,  and  the  speci¬ 
fic  fuel  consumption  decreases  accordingly.  A  further  increase  in 
the  compressor  compression  ratio  is  accompanied  by  an  insignificant 
change  and  subsequently  even  by  a  reduction  of  effective  efficiency, 
and  by  a  comparatively  small  increase  in  propulsive  efficiency. 
Consequently,  the  product  r1acon  ■  ^e^p  ret1uced,  causing  an  in¬ 
crease  in  specific  fuel  consumption.  Obviously,  the  minimum  speci¬ 
fic  fuel  consumption  is  obtained  at  a  compressor  compression  ratio 
corresponding  to  the  maximum  value  of  economic  efficiency  q 

econ 

Since  the  minimum  propulsive  efficiency  (or  the  maximum  specific 

thrust)  sets  in  at  lower  compression  ratios  than  the  maximum  of 

effective  efficiency,  the  maximum  value  of  the  product  n  s  ri  n 

econ  e  p 

will  shift  toward  even  greater  values  of 71  *, 

Calculations  show  that  the  compressor  compression  ratio  which 
ensures  a  minimum  of  specific  fuel  consumption  decreases  with  in¬ 
creasing  airspeed  and  decreasing  altitude.  This  is  explained  by 

the  Fame  reasons  as  the  increase  in  the  value  of  n  * 

k  opt 


at  which 
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•  maximum  of  apocific  thrust  la  obtained,  with  Increasing  alrapeed. 

Figurs  118  shows  tha  dapandanca,  on  tha  airspeed,  of  tha  optimum 
compraaaor  compraaalon  ratios  at  which  a  minimum  of  apacific  fual 
conaumptlon  la  obtained,  at  tha  altltudaa  H  a  O  and  H  ■  1 1  km  and 
for  T*  •  1200°K. 


Figure  118i  Dapandanca  of  the  optimum  nj  required 

for  tha  minimum  of  a  turbojet  engine,  88  the  alrapeed. 

At  high  auperaonlc  airapaeda  the  compraaaor  compraaalon  ratio 
la  unable  to  "coapenaate*  for  tha  loaaea  in  compraaaor  and  turbine, 
aa  we  mentioned  earlier,  ao  that  ualng  a  compraaaor  with  the  given 
paramatara  cannot  increaaa  the  economy  of  a  turbojet  engine  in 
comparison  to  a  ram-jet  engine,  and  in  that  caae  n  j  .  \,  The 

alrapeed  at  which  the  it  £  t  correapondlng  to  the  minimum  of  C 
becoaea  equal  to  one,  la  ueually  somewhat  greater  than  the  alrapeed 
at  which  the  value  of  n  £  ■  1  la  obtained  that  correaponda  to 

the  maximum  of  P  , 

»P 

Depending  on  the  purpose  of  a  turbojet  engine  the  moat  ad¬ 
vantageous  magnitude  for  the  compraaalon  ratio  "£  la  established 
on  the  baals  of  comparative  calculations,  taking  into  consideration 
the  effect  of  tt  £  not  only  on  the  specific  fuel  consumption  but  also 
on  specific  thruat,  compraaaor  efficiency  and  characteristics, 
engine  weight  and  dimensions,  and  the  weight  of  the  aircraft  power 
plant  aa  a  whole,  including  the  required  fual  supply. 

Let  us  now  consider  the  effect  of  the  gas  temperature  in  front 
of  the  turbine  on  the  magnitude  of  specific  fuel  conaumptlon.  It 
turns  out  that,  to  the  degree  of  gas  temperature  increase  in  front 
of  the  turbine  and  under  otherwise  equal  conditions,  the  specific 
fuel  consumption  decreases  initially  and,  after  reaching  a  minimum 
for  a  certain  value  of  T*  0pt*  begins  to  increase  again.  This  is 
seen  well  in  figure  119  showing  the  dependence  of  specific  fuel 
consumption  C<p  on  TJ  for  two  different  values  of  compressor  com¬ 
pression  ratio. 
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Figure  1  1 9 »  Dependence  of  the  epecific  fuel  consumption 
of  a  turbojet  engine  on  the  temperature  In  front  of  the 
turbine . 

This  type  of  dependence  of  the  specific  fuel  consumption  C 
on  the  temperature  T*  Is  explained  by  the  different  change  In  ef¬ 
fective  efficiency  T1#  and  propulsive  efficiency  q  when  there  le 
a  change  in  temperature.  As  ue  showed  above,  the  first  of  these 
efflcienciee  Increases  continuously  with  increasing  TJ  at  V  ■  const, 
while  the  second  decreases  continuously.  Initially,  the  effect  of 
the  increase  of  effective  efficiency  predominates  so  that  the 
product  ilecon  ■  I,  increased  and  the  specific  fuel  consumption 

reduced.  Subsequently,  as  the  temperature  continues  to  increase, 
the  reduction  in  propulsive  efficiency  q  begins  to  predominate, 
the  product  r'Bcon  •  r1erlp  is  decreased  because  the  increase  in  ef¬ 
fective  efficiency  is  slowed  down,  and  the  specific  fuel  consump¬ 
tion  begins  to  increase  after  reaching  a  minimum  at  a  value  of 
T;  opt  c orreaponding  to  a  maximum  of  that  product. 

Calculations  show  that  the  optimum  temperature  T*  in 
front  of  the  turbine  with  respect  to  a  minimum  of  specific  fuel 
consumption  will  increase  with  increasing  compressor  compression 
ratio  and  increasing  losses  in  the  engine  or,  in  other  words,  with 
decreasing  compressor  and  turbine  efficiency  and  decreasing  co¬ 
efficient  acc.  Moreover,  it  turns  out  that,  under  otherwise  un¬ 
changed  conditions,  the  temperature  TJ  increases  with  increas¬ 

ing  airspeed  and  decreases  with  increasing  altitude,  which  is  seen 

well  in  figure  120  showing  the  dependence  of  the  temperature  T* 

.  z  opt 

on  the  airspeed  for  two  altitudes  (0  and  11  km)  and  for  two  dif¬ 
ferent  values  of  tt*. 
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Figure  120s  Dependence  of  the  optimum  temperature 
in  front  of  the  turbine  of  *  turbojet  engine,  on 
airepeed  and  altitude. 

In  concluaion  let  ua  note  that  the  loaaea  of  total  preaaure 
in  the  combustion  chambers  have  the  same  effect  on  specific  fuel 
consumption  that  they  have  on  specific  thrust. 
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CHAPTER  10 


equilibrium  regimes  or  turbojet  enoines 
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drive  Its  compressor  and  auxiliary  assemblies  at  the  given  rpm. 

This  basic  condition  for  equilibrium  regimes  also  corresponds,  as 
we  showed  earlier,  to  an  equality  of  turbine  work  and  compressor 
work,  or  ■  Lie  (if  all  the  air  from  the  compressor  enters  the 
combustion  chambers  located  In  front  or  the  turbine). 

The  special  features  of  turbojet  engine  operation  under  equi¬ 
librium  regimes  for  different  operating  conditions  can  be  clarified 
with  the  aid  of  tho  compressor  characteristics  with  superimposed 
lines  of  the  constant  values  for  the  ratios  between  the  temperature 
T*  in  front  of  the  turbine  and  the  temperature  T*  at  the  compressor 
inlet,  or  the  so-called  T*/T*  -  const  lines.  These  lines  are  plotted 
on  the  basis  of  a  certain  relationship  between  the  weight  flowrates 
of  air  through  the  compressor  and  the  turbine  nozzle  assembly  (for 
Instance,  under  the  assumption  that  all  the  air  from  the  compressor 
enters  tho  combustion  chambers).  Under  critical  and  supercritical 
pressure  drops  in  the  turbine  nozzle  assembly,  which  is  the  moat  fre¬ 
quent  condition  in  turbojet  engines,  the  T*/T*  ■  const  lines  are 

Z  n 

obtained  in  tho  form  of  straight  lines  and  are  located  on  the  com¬ 
pressor  characteristics  as  shown  in  figure  121.  In  this  case,  the 
smaller  the  temperature  ratio  Tj/T*,  the  greater  will  be  the  distance 
01  these  lines  from  the  surge  limit  (to  the  right  and  downward). 


Figure  12 1 1  Possible  equilibrium  regimes  of  a 
turbojet  engine. 

Physically,  each  Tj/T*  ■  const  line  under  constant  conditions 
at  the  compressor  inlet  (T*  •  const  and  p*  ■  const)  represents  the 
dependence  of  the  air  flowrate  through  the  compressor  of  the  turbo¬ 
jet  engine  on  the  compressor  compression  ratio  n  £  at  constant  gas 
temperature  in  front  of  the  turbine  (corresponding  to  this  line)  or, 

in  other  words,  at  T*  ■  const. 

z 

The  intersection  points  between  the  Tj/T ■  const  lines  and 
the  lines  of  constant  values  for  the  rpm  parameter  n/VT*,  for 
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instance  th<  point*  *,  b,  and  e,  *te.  in  figure  121,  r«pr«aent  thoaa  combina¬ 
tion#  of  the  gn*  toaparatura  TJ  in  front  of  tha  turbine  and  the  rpa  of  the 
turbojet  angina  idiere  tha  glean  reUtlonahlp  of  tha  Might  flowrate*  of  air 
through  coapraaaor  and  turbine  la  observed. 

In  order  for  each  of  thaaa  combinations  of  rpa  and  temperature  T*  to  be 
also  an  aqulllbriua  regime  of  turbojet  engine  operation,  there  aust  be,  in 
addition,  a  certain  relationship  betwn  effectle*  turbine  work  and  effective 
coapraaaor  work,  or  they  aunt  be  equal,  1^,  .  1^,  if  all  the  air  from  the  coa- 
Preeaor  enter*  the  combustion  chambers  in  front  of  the  turbine. 

V#  know  that  the  effective  turbine  work  1^  depends  (see  Chapter  7)  on 
the  gaa  temperature  TJ  in  front  of  the  turbine,  on  the  gas  expansion  ratio 
m  Pj  /  P^  in  the  turbine,  and  on  turbine  efficiency  T)  ,  so  that 

•  r  .  ro  I 

7'.'[l  —  ('£•']  1  p,.  (10. 1) 

Th*  expansion  ratio  ia  the  turbine  of  a  turbojet  engine  in  turn  de¬ 
pend*  on  the  reUtlonahlp  between  the  ainlnua  flow  areas  of  the  turbine  nozzle 
aaaeably,  ,  and  of  the  jet  nozzle,  F^,  and  also  on  the  losses  in  theae 
element*.  Thia  dependence  la  obUiaed  on  the  basis  of  the  continuity  condition, 
la  other  tarda,  on  the  equality  of  the  Might  flowrates  of  combustion  products 
through  the  turbine  of  a  turbojet  engine  and  it*  jet  nozzle.  Under  critical 
and  supercritical  pressure  drops  in  the  jet  nozzle  of  a  turbojet  engine  and 
la  the  nozzle  assembly  of  its  turbine  the  following  reUtlonahlp  ia  obtained 
from  the  corresponding  flow  equation; 


I  P‘  \  i-  (  Y" 

ITT )  “I'tpn* 


**,r*  ■  "  (for  k'  =  1.52,  which  is  characteristic  for  the  turbine  of  a 
turbojet  engine). 

The  significance  of  this  reUtlonahlp  ooaaists  of  the  following.  If  the 
area  F#  of  the  jet  nozzle  and  are  increased  under  otherwise  unchanged 
conditions,  the  resistance  to  the  departure  of  the  gas  from  the  turbine  and  the 
corresponding  counterpressur*  p2  behind  the  turbine  will  be  reduced,  which  for 
a  given  p*  leads  to  sa  increase  in  the  gas  expansion  ratio  *r  *  P*  /  P2  in  the 
turbine.  Decreasing  and  will  increase  the  resistance  to  the  turbine 
exhaust  so  that  the  pressure  p2  behind  the  turbine  will  Increase  st  p*  .  const, 
and  the  edpanslon  ratio  «T  will  decrease.  k 

Increasing  the  area  PM  of  the  aoszle  assembly  and  0^  leads  to  a  reduction 
la  ita  resistance  ao  that  the  pressure  drop  required  to  provide  the  given  gas 
flowrate  through  the  turbine  is  reduced,  causing  an  increase  in  the  pressure 
Pj  •*  Pj  *  const.,  and  «T  *  Pj  /  Pj  will  be  reduced.  Accordingly,  if 

mr*  reduced,  and  under  otherwise  equal  conditions,  *  Pj  /  P-,  will 
be  Increased. 
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Now  we  can  write  for  the  effective  work  of  the  turbine  of  a 
turbojet  engine 

A- n  /,  .  <¥NAFNA/9J>nFe)m/  Hj,  (,0.2) 

Thus,  the  effective  work  of  a  turbine  In  a  turbojet  engine 
system  can  change  not  only  due  to  the  gas  temperature  in  front  of 
the  turbine  but  also  due  to  a  change  in  the  areas  of  Jet  nozzle  and 
turbine  nozzle  assembly  causing  a  change  in  the  gas  expansion  ratio 
in  the  turbine. 

Also,  this  makes  it  possible  to  accomplish  different  equili¬ 
brium  regimes  of  a  turbojet  engine,  corresponding  to  given  points 
on  its  compressor  characteristics,  for  instance  to  points  a,  b, 
c,  and  others  in  figure  121. 

The  compressor  characteristics  with  superimposed  ■  const 

lines  in  conjunction  with  expression  (10.2)  make  it  possible  to 
establish  the  special  features  of  turbojet  engine  operation  under 
equilibrium  regimes  for  different  engine  operating  conditions. 

2.  Special  Features  of  Equili brlum  Regimes  of  a  Turbojet  Engine 

under  Independent  Changes  in  rpm  and  Temperature  in  Front  of 

the  Turbine 

First,  let  us  consider  the  greater  part  of  the  cases  encountered 
where  all  the  air  from  the  compressor  enters  the  combustion  chambers 
in  front  of  the  turbine,  assuming  that  external  conditions  remain 
constant . 

Let  us  assume  that  it  is  necessary  to  change  the  gas  temperature 
in  front  of  the  turbine  of  a  turbojet  engine,  keeping  the  rotor  rpm 
constant,  or  in  other  words,  that  it  is  necessary  to  obtain  the 
equilibrium  regime  of  the  turbojet  engine  to  which  the  points  cor¬ 
respond  that  are  located  on  the  same  n/V*T*  »  const  line  (points 
a,  b,  c  in  figure  12l). 

If  we  increase  the  gas  temperature  in  front  of  the  turbine 
of  the  turbojet  engine  (by  means  of  increasing  the  fuel  Input)  the 
turbine  work  1^  will  increase,  the  equality  will  be  disturbed, 

so  that  L,j,  >  L^*  and  the  engine  rpm  will  increase.  In  order  to 
maintain  the  previous  rpm  the  increase  in  turbine  work  LT  that  is 
associated  with  the  increase  in  temperature  in  front  of  the  turbine 
must  be  prevented,  which  according  to  formula  (lO.l)  can  be  ac¬ 
complished  only  be  means  of  reducing  the  gas  expansion  ratio  in 
the  turbine.  For  this  purpose  it  is  necessary,  as  seen  from  formula 
(10.2),  either  to  reduce  the  (minimum)  outlet  cross-section  area 
**e  °**  nozzle,  or  to  increase  the  minimum  cross-section 

aret*  PNA  °**  turbin«  nozzle  assembly. 

However,  although  the  reduction  of  Jet  nozzle  area  F#  and 
the  increase  of  turbine  nozzle  assembly  area  ru.  have  the  same  ef- 

NA 

feet  on  the  parameters  of  the  operating  process  of  the  turbo¬ 

jet  engine  change  differently  during  this  process. 
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In  the  first  case  (reduction  of  the  Jet  nozzle  area  F  at  a 
constant  turbine  nozzle  assembly  area  F^),  the  weight  flowrate 
Of  gas  through  the  turbine  nozzle  assembly  is  reduced  as  a  result 
of  the  reduction  in  the  density  of  combustion  products  due  to  their 
increased  temperature  TJ  in  front  of  the  turbine,  since  FN ,  .  const. 
Correspondingly,  in  accordance  with  the  flow  continuity  condition, 
the  weight  flowrate  of  air  through  the  compressor  is  reduced,  too. 
However,  in  this  case  the  rpm  remains  constant,  as  we  mentioned 
above.  Therefore,  the  operating  point  on  the  compressor  charac¬ 
teristics,  for  instance  point  a  in  figure  121,  that  determines  the 
equilibrium  regime  of  the  turbojet  engine,  shifts  along  the  n/VT*  . 
-  const  line  in  the  direction  of  lower  air  flowrates,  approaching” 
the  surge  limit  or,  in  other  words,  approaching  point  c  and  so  on, 
which  is  accompanied,  a.  seen  from  figure  121,  by  an  increase  in 

the  compression  ratio  tt* 

k 

In  the  second  case  (increasing  the  turbine  nozzle  assembly 


ar'’a  rNA  for  F.  "  const),  calculations  show  that  in  order  to  main¬ 


tain  a  constant  rpm  so  that  Uf  .  L*  when  the  gas  temperature  in  front 
of  the  turbine  Increases,  it  is  necessary  to  increase  the  area  F 
always  at  a  greater  rat.  than  the  density  of  the  combustion  product, 
is  decreased  during  this  process.  Therefore,  their  flowrate  through 
the  turbine  nozzle  assembly  and,  accordingly,  the  air  flowrate 
through  the  compressor  are  increased.  As  a  result,  in  this  case 
the  initial  operating  point  shifts  along  the  n/W*  -  const  line 
in  the  direction  of  greater  air  flowrates,  moving  away  from  the 
surge  limit  (for  instance,  point  .  in  figure  121  shirts  to  point 

b  and  lower),  which  is  accompanied  by  a  reduction  in  the  compressor 
compression  ratio  n*# 
k 

Reducing  the  temperature  in  front  of  the  turbine  of  .  turbojet 
engine  at  constant  rotor  rpm  requires,  obviously,  .  corresponding 


in  the  Jet  nozzle  area  Fa  or  a  reduction  in  the  area  F 


NA 


Of  the  turbine  nozzl . .  Here,  the  change,  in  the  regime 

of  th.  turbojet  engine  will  take  place  in  direction,  opposite  to 
those  described  abovs.  I„  particular,  th.  r.duction  in  temperature 
in  front  of  the  turbine  at  n  .  const  that  is  associated  with  an 
increase  in  F^  at  FNA  -  const,  will  be  accompanied  by  a  shift  of 
the  co.pr.ssor  op.r.tlng  point  away  from  th.  surg.  limit  or,  in 
oth.r  words,  by  an  increase  in  th.  air  riowr.t.  through  th.  com- 
pra.sor  and  a  d.cra.s.  in  ttj,  while  .  r.duction  in  t.mp.r.tur. 
associated  with  .  d.crs...  l„  rNA  at  F,  .  const  will  be  accompanied 
by  a  shift  of  this  point  toward  th.  surge  limit  or,  in  oth.r  words, 
by  a  reduction  in  th.  air  flowrate  through  th.  compr.s.or  and  an 
increase  in  nj». 

By  changing  both  area.  F,  and  F^A  ei.ult.n.ou.ly  when  there 
is  a  change  in  th.  temperature  in  front  of  th.  turbine  it  is  pos¬ 
sible  to  maintain  not  only  th.  rpm  of  a  turbojet  engine  but  al.o 
the  location  of  th.  op.r.tlng  point  on  th.  compr.s.or  characteristic. 
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In  order  to  change  the  rptn  of  a  turbojet  engine  at  constant 
gas  temperature  in  front  of  the  turbine,  or  in  other  words,  to  ob¬ 
tain  equilibrium  regimes  corresponding  to  the  operating  points  lo¬ 
cated  on  T£/T^  ■  const  lines  in  the  field  of  compressor  character¬ 
istics  (for  instance,  on  the  line  a,  1  in  figure  121 ),  it  is  neces¬ 
sary  again  to  change  the  area  F  or  FM4#  Actually,  In  order  to 

e  wa 

reduce  the  rpm  of  a  turbojet  engine  (in-  order  to  shift  its  regime 
from  point  a  to,  for  instance,  point  1  in  figure  12 l),  the  turbine 
work  Lt  must  be  reduced  since  the  compressor  work  is  reduced  with 
decreasing  compressor  rpm.  But  in  this  csss  it  was  stipulated  that 
TJ  m  const.  Therefore,  the  turbine  work  can  be  reduced  only  by 
means  of  increasing  the  gas  expansion  ratio  in  the  turbine, 
which  requires  either  a  reduction  of  area  or  an  Increase  of 
area  F^A«  However,  in  the  second  case  (F^a  is  increased  at  T*  m 
■  const)  the  air  flowrate  as  a  result  of  the  increase  of  F^  is 
reduced  to  a  lesser  degree,  so  that  the  compressor  operating  point 
does  not  shift  along  the  line  a,1,  as  in  the  first  case,  but  along 
the  line  a,  1';  in  other  words,  lt  moves  away  from  the  surge  limit 
(here,  the  same  temperature  T*  is  obtained  in  point  1'  and  in  point 
1,  due  to  the  displacement  of  the  Tj/Tfl  ■  const  line  when  F^A  is 
changed) . 

In  order  to  increase  the  rpm  of  a  turbojet  engine  at  r  ■ 

*  const  it  is  necessary  to  increase  the  area  F^  or  to  reduce  the 
area  F^A  accordingly.  But  when  F^A  is  reduced  at  constant  T*  the 
air  flowrate  will  Increase  at  a  slower  rate,  and  the  compressor 
operating  point  will  shift  further  (along  the  line  a,  2*  Instead 
of  a,  2)  toward  the  surge  limit  than  they  would  for  an  increase 
In  F^  and  T*  ■  const  at  the  same  Increase  in  engine  rpm. 

Through  the  proper  selection  of  the  Jet  nozzle  area  F  , 
turbine  nozzle  assembly  area  FNA,  and  fuel  input  into  the  cosibustion 
chambers,  it  is  also  possible  to  accomplish  any  other  equilibrium 
regimes  for  a  given  turbojet  englno  or,  in  other  words,  regimes 
that  differ  from  each  other  by  their  rpm,  temperature  in  front 
of  the  turbine,  and  other  parameters  at  the  same  time,  for  Instance, 
regimes  corresponding  to  the  points  on  lines  a,  3  and  a, 3*  (see 
figure  12l),  and  so  on. 

Thus,  by  simultaneously  changing  the  Jet  noszle  area  or  the 
turbine  nozzle  assembly  area  and  the  fuel  input  into  the  combustion 
chambers  it  is  possible  to  change,  Independently  of  each  other, 
the  rpm  <rf*  a  turbojet  engine,  the  gas  temperature  in  front  of  its 
turbine,  and  a  number  of  other  engine  parameters  (for  instance, 

n k*  Ca*  and  oth*r®)« 

On  a  completed  engine  the  (minimum)  outlet  cross-section 
area  of  the  Jet  nozzle  can  be  changed  relatively  simply  in  the 
required  direction.  Therefore,  changing  the  area  F#  is  a  procedure 
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us«d  in  practical  application  for  both,  controlling  a  turbojet 
engine  in  operation  by  using  variable  area  Jet  nozzles,  and  for 
the  required  adjustment  of  turbojet  engine  parameters  during  final 
experimental  development  by  also  using  simple  int erchangeable  jet 
nozzles  of  different  diameters. 

Adjusting  the  area  of  the  turbine  nozzle  assembly  of 

completed  turbojet  engines  (for  instance,  by  pivoting  the  nozzle 
blades)  is  not  used  today,  since  this  involves  a  significant  compli¬ 
cation  of  the  design  of  the  greater  "hot"  part  of  the  turbine  and 
can  sometimes  cause  an  appreciable  reduction  in  turbine  efficiency. 
If  it  becomes  necessary  to  change  the  area  FNA  during  final  experi¬ 
mental  development  of  a  turbojet  engine,  this  is  accomplished  by 
replacing  the  turbine  nozzle  assembly* 

The  acceptable  equilibrium  regimes  for  a  given  turbojet 
engine  during  operation  in  the  aircraft  are  limited  by  the  follow¬ 
ing: 

the  maxima  of  rpm  n  and  temperature  T*  in  front  of  the 

,uu  *  z  max 

turbine,  considering  the  strength  and  heat  resistance  of  engine 
parts; 

the  minima  of  rpm  n  and  temperature  T*  .  in  front  of  the 

z  mm 

turbine  required  to  ensure  stable  combustion  chamber  operation, 
the  required  turbine  power,  and  a  sufficiently  high  compressor  ef- 
ficlencyi 

the  aurge  region  of  the  compressors 

Under  practical  circumstances,  not  nearly  all  the  equilibrium 
regimes  are  employed  that  are  acceptable  for  a  given  turbojet  engine, 
and  only  those  are  used  that  the  control  system  Installed  in  the 
engine  permits  under  operating  conditions  in  the  aircraft.  These 
regimes  are  called  the  operating  equilibrium  regimes  of  an  engine. 

The  geometrical  location  of  the  points  c orres ponding  to  the 
operating  equilibrium  regimes  of  a  turbojet  engine  in  the  field  of 
compressor  characteristics  is  called  line  of  operating  regimes  or 
operating  line  of  a  turbojet  engine. 

The  operating  line  of  a  turbojet  engine  must  never  pass  beyond 
the  area  of  acceptable  regimes  and  muet  be  located  at  a  sufficient 
distance  from  the  compressor  surge  limit. 

The  shape  and  location  of  the  operating  line  of  a  turbojet 
engine  are  determined  primarily  by  the  control  system  selected 
for  the  engine  end  by  the  nature  of  its  compressor  charec terls t ice . 

3.  SaalUfeglia  Of  a  Turbojet  Engine  with  fixed  Area  Jmt 

Nostle 

Very  frequently  the  rpm  of  turbojet  engines  Is  changed  or 
maintained  constant  when  there  is  a  change  in,  for  instance,  ex¬ 
ternal  conditions,  merely  by  controlling  the  fuel  supply  to  the 
combustion  chambers,  without  changing  the  area  of  the  jet  nozzle. 
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Therefore,  w«  must  el.o  examine  the  special  features  of  tha  operat¬ 
ing  llnaa  of  turbojet  engine#  with  fixed  area  jet  noizle  or,  in 
other  worde,  for  F#  ■  const  and  also  for  rNA  .  conet,  considering 
the  statements  made  above. 

Let  ue  consider  the  case  where  there  is  a  critical  or  super¬ 
critical  pressure  drop  in  the  turbine  nozzle  assembly  and  in  the 
Jet  nozzle  at  the  same  time,  which  is  characteristic  for  the  greatest 
part  of  all  regimes  of  modern  turbojet  engines. 

Since,  by  stipulation,  a  const  and  rNA  a  const,  and  assum¬ 
ing  for  simplicity  that  SPj<n,  and  q>NA  are  constant,  too  (this 
is  close  to  reality),  ws  obtain  the  following  expression  for  equi¬ 
librium  regimes  from  formula  (l0.2)t 


A, 


const. 


(10.3) 


Substituting  in  this  expression  the  value  for  the  effective 
work  of  the  compressor,  which  equals 

k  -i 

we  obtain 


(I0.lt) 


where  C  ii  i  constant  Magnitude. 

Equation  (lO.Jt)  contains  only  tha  compressor  parameters  and 
the  temperature  ratio  Tj/Tfl  as  variables.  The  constant  C  entering 
its  left  aide  is  determined  in  accordance  with  data  corresponding 
to  the  design  point  selected  for  the  compressor  characteristics. 

This  means  that  in  the  case  under  consideration  (P#  ■  const)  the 
operating  line  of  the  given  turbojet  engine  is  representsd  in  the 
field  of  its  compressor  characteristics  by  only  one  curve  0,0  (solid 
line  in  figure  122)  whose  shape  and  location  remain  constant  under 
any  changes  of  rpa,  atmospheric  conditions,  airspeed,  and  altitude# 


Figure  I22i  Operating  line  of  a  turbojet  engine  with 
F^  ■  const. 
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A  chang*  of  the  Jet  noizlt  area  F#  leads  to  a  corresponding 
ahift  of  tha  operating  Xina  of  tha  turbojet  angina  in  quaation. 

If  tha  area  ia  increaead,  tha  equilibrium  regimes  of  tha  turbo¬ 
jet  angina  and,  conaaquantly,  ita  entire  operating  line,  ahift  into 
tha  area  of  lower  temperature*  T*  and  greater  air  flowratea,  moving 
away  from  tha  compreaaor  aurge  limit.  If  the  area  ia  reduced, 
the  operating  line  of  the  turbojet  engine  ahifts,  accordingly,  into 
tha  area  of  higher  tomperaturee  T*,  moving  toward  the  compreaaor 
aurga  limit. 

By  and  large,  the  alop*  of  the  operating  line  of  a  turbojet 
angina  with  a  conat  in  tha  field  of  compreaaor  characteriatica 

will  become  ataapar  with  lncraaalng  designed  compreaaion  ration  f  . 

k  dss 

of  the  coaprtnor.  In  other  word*,  for  the  iMit  relative  chan^i 
in  ttJ  the  result ing  change  in  tha  flowrate  parameter  will  incraaaa 
with  increasing  tt  £  ^aa* 

Typical  caaaa  for  tha  location  of  tha  operating  linaa  of 
turbojet  anginaa  with  -  const  in  tha  field  of  thair  compressor 
characteristics,  without  special  anti-surge  measures,  are  shown  in 
figures  123  and  124,  where  tha  points  a  denote  equilibrium  regimes 
corresponding  to  tha  designed  compressor  compression  ratios. 


Tlgura  123i  Operating  lines  of 
turbojat  anginas  with  axial-flow 
compressors,  for  ■  const. 

If  the  designed  compressor  compression  ratio  of  a  turbojat 
engine  le  relatively  email  ("  J  d#J  ■  3-5  to  4.5),  the  operating 
lln*  of  the  turbojat  angina  (ae*  figure  124)  will  nova  away  from 
the  aurga  limit  whan  the  rpm  la  reduced  in  comparieon  to  it*  de¬ 
signed  value* ,  ao  that  atabl*  angina  operation  without  surging  is 
usually  ensured  in  this  area  or  regimes.  If  tha  rpm  parameter  is 
increased  beyond  tha  designed  value,  the  operating  charactarlet lc 
will  move  closer  to  the  surge  limit,  which  in  a  number  of  cases  can 
load  to  tha  development  of  surging. 
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Figure  1 2 4  >  Operating  line  of  a  turbojet  engine 
with  radial-flow  compressor,  for  F#  »  const. 

Experience  shows  that  the  compresso.  surge  limit  becomes  con¬ 
tinuously  more  critical  with  increasing  designed  compressor  compres¬ 
sion  ratio.  In  that  case  the  slope  of  the  operating  line  of  a 
turbojet  engine  with  F#  ■  const  becomes  steeper,  as  we  mentioned 
above.  Therefore,  the  operating  tine  of  a  turbojet  engine  with 
F  a  const  and  a  significant  designed  compression  ratio  ("  J  doB  » 
a  6  to  8)  moves  close  to  the  surge  limit  (see  figure  123  a}  or 
even  intersects  it  (see  figure  123  b)  in  the  area  of  rpm  parameters 
below  designed  values.  In  the  first  esse  the  transition  of  the 
engine  from  low  rpm  values  to  the  designed  regime  can  become  dif¬ 
ficult  or  impossible  (see  below).  In  the  second  case  it  is  obvious 
that,  as  a  result  of  surging,  it  is  not  only  impossible  to  operate 
the  engine  at  reduced  values  of  the  rpm  parameter  but  even  to  start 
it. 

Consequently,  dangerous  regimes  from  the  point  of  compressor 
surging  can  be  those  regimes  of  a  turbojet  engine  with  Fe  -  const 
where  the  rpm  parameter  is  either  greater  or  smaller  than  its  de¬ 
signed  value.  The  first  is  characteristic  for  turbojet  engines 
with  radial-flow  compressors  or  axial-flow  compressors  with  rsle- 
tlvely  low  compressor  head,  while  the  second  is  characteristic  for 
turbojet  engines  with  axial-flow  compressors  with  high  compressor 
head . 

Compressor  surging  of  a  turbojet  engine  with  F#  •  const  under 
off-design  regimes  with  respect  to  lte  operating  line  develops  for 
the  f 61 lowing  reasons. 

If  the  rpm  le  reduced  in  comparison  to  designed  values  at 
Tg  a  const  (in  other  words,  where  <  nj*  d#,)>  th#  “lr  fl°*rate 
end  its  corresponding  axial  air  velocity  c^  at  the  compressor  in¬ 
let  of  a  turbojet  engine  with  F#  -  const  and  with  a  high  designed 
compression  ratio,  is  decreased  at  an  appreciably  faster  rate  than 
the  circumferential  rotor  velocity  (see  figure  123) •  *»  »  result 

the  angles  of  attack  of  the  blades  in  the  first  compressor  stage 
are  increased  and  can  become  so  great  at  the  reduced  rpm  values 


RA  -017-68 


93 


that  an  intanaiva  flow  aeparatlon  from  tha  backs  of  tha  blades 
develops t  causing  compressor  surging. 


figure  123i  Relative  change  of  air  velocity  with 
rpm  at  the  coaprssaor  inlet  of  a  turbojet  engine 
with  «  conat. 

The  greater  the  designed  coaipression  ratio  of  the  compressor, 
the  greater  will  be  the  Increase  in  tha  angles  of  attack  of  the 
blades  in  its  first  stage  with  decreasing  rpei  of  a  turbojet  engine 
with  ra  ■  const  and,  consequently,  the  faster  will  the  operating 
line  of  the  engine  move  toward  the  coaipressor  surge  limit  in  this 
case. 

The  same  picture  will  be  found  In  the  last  stages  of  an  axial- 
flow  compressor  with  high  compressor  head.  In  accordance  with  the 
flow  continuity  condition  the  weight  flowrate  of  the  air  through 
these  stages  will  be  reduced  to  the  same  degree  ae  in  the  first 
stages.  But  the  air  denelty  In  the  last  stages  decreases  due  to 
the  reduction  in  compressor  compression  ratio,  and  as  a  result  the 
axial  air  velocity  in  these  stages  decreases  at  a  slower  rets  than 
the  circumferential  velocity  of  the  rotor. 

As  a  result  the  angles  of  attack  of  the  blades  In  the  last 
compressor  stages  of  a  turbojet  engine  with  r  •  const  ere  reduced 
at  decreased  rpm ,  and  can  become  negative.  However,  If  the  blades 
have  large  negative  angles  or  attack  there  will  already  be  air  ex¬ 
pansion  rather  than  compression  In  the  lnterblade  ducts  (turbine- 
type  regime  of  the  compressor  stage),  resulting  In  a  reduction  of 
compressor  head  and  efficiency  but  not  causing  cos^ressor  surging. 

Exactly  the  same  changes  In  th>-  angles  of  attack  of  the  blades 
In  the  first  and  the  last  compressor  stages  of  a  turbojet  engine 
vlth  e  const  are  obtained  If  the  rpm  parameter  n/V  TJ|  and,  ac¬ 
cordingly,  also  the  compression  ratio  are  reduced  ae  a  result  of 
an  nc reass  In  the  temperature  Tg  of  the  Inlet  air  at  constant  rpm 
n.  In  that  case  the  only  difference  will  be  that  the  circumferential 
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velocity  of  the  rotor  remains  constant,  and  the  changes  in  the 
angles  of  attack  for  the  individual  stages  mentioned  above  are 
determined  only  by  the  corresponding  changes  in  the  axial  velo¬ 
cities  of  the  air  in  these  stages  (see  figure  126). 


Figure  126s  Relative  change  of  air  velocity  with 
the  rpm  parameter  (for  n  ■  const)  at  the  compressor 
inlet  of  a  turbojet  engine  with  F*  ■  const. 

If  the  rpm  parameter  of  a  turbojet  engine  with  F*  m  const  is 
increased  above  its  designed  value  (  n£  >  n£  de#)»  the  «*i«l  air 
velocity  at  the  compressor  inlet  will  increase  slightly  at  n  ■ 
const  (see  figure  126),  and  consequently  the  angles  of  attack  of 
the  blades  in  the  first  compressor  stages  will  be  reduced.  At  the 
same  time,  the  axial  air  velocity  in  the  last  stages  can  also  de¬ 
crease  ao  a  result  of  an  Increase  in  its  density  due  to  the  increased 
compression  ratio,  so  that  the  angles  of  attack  of  the  blades  in 
these  stages  are  increased.  Therefore,  in  this  case  flow  separations 
that  cause  surging  can  develop  primarily  in  the  last  stages  of  an 
axial-flow  compressor  (or  at  the  diffuser  vanes  of  a  radial-flow 
compressor )  • 

Thus,  if  surging  develops  under  off -design  regimes  of  a  turbo¬ 
jet  engine  with  F*#  ■  const  where  the  compressor  compression  ratio 
becomes  less  than  its  designed  value,  the  first  stages  will  slways 
be  the  source  of  surging,  and  under  off -design  rsgimes  with  a 
compression  ratio  above  its  designed  value,  it  will  be  the  laat 
stages  of  an  axial-flow  compressor  (or  the  diffuser  vanes  of  a 
radial-flow  compressor). 

The  following  means  are  used  to  prsvert  surging  in  modern 
turbojet  engines  with  compressors  with  high  compressor  head! 

increasing  the  Jet  r.ozsle  area  under  off -design  regimes) 

bypassing  pa* t  of  the  air  from  a  point  behind  one  stage  or 
several  of  the  first  stages  rf  the  compressor  into  the  atmosphere 
(or  to  the  engine  inlet  )| 

pivoting  the  straightening  (guiding)  blades  of  one  or  several 
of  the  first  compressor  stages. 
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L«t  us  sisal  ns  ths  effect  or  ssch  or  thsss  sntl  -t  urging  tsch- 
nlquss  on  ths  profile  or  ths  operating  Una  of  s  turbo  Jet  engine. 

Obviously,  tamutii  th«  .1st  nottls  srss  only  under  thoss 
regimes  of  a  turbojat  engine  shara  ths  danger  of  surging  develops, 
raqulras  ths  employment  of  a  vsrlsbls-srss  J.t  notsls. 

If  tha  control  system  ol'  auch  a  nossla  psrmlts  the  elements 
that  change  Its  arei  to  be  sat  In  too  positions  ( two-posl 1 1  on 
nossla) ,  the  operating  Una  of  tha  turbojat  engine  can  have  a  shape 
reprasantsd  by  tha  solid  Una  ab'bc  In  figure  127.  Ths  aactlon  cb 
of  this  Una  la  obtalnsd  for  a  Jat  nossla  araa  F  (  that  Is  greater 
than  tha  designed  araa  d<<,  so  that  this  ssctlon  shifts  in  the 
direction  of  lower  temperatures  TJ  and  greater  air  flowrates  (ths 
angles  of  attack  of  ths  bladas  In  tha  first  atagas  ars  rsducsd) 
which  means  that  it  moves  away  from  tha  compressor  surgs  limit.  At 
tha  rpm  parameter  whara  tha  danger  of  surging  disappears,  tha  Jat 
nussle  araa  Is  reduced  (section  bb  •  in  figure  127)  to  its  designed 
magnitude  F#  d#<  <  F#)  and  is  kept  constant  for  tha  remaining  part 
of  tha  operating  line  of  tha  turbojat  angina  (section  b’a  in  figure 
127). 


Pleura  127*  Operating  line  of  a  turbojet  angina 
with  a  two-position  variable-area  Jat  nossla. 

^or  •  three-poeltlon  Jat  nossla  ths  operating  line  of  tha 
turbojat  angina  can  have  a  profile  as  shown  In  figure  128,  Hera 
tha  section  cb  of  tha  operating  Una  is  obtained  at  tha  maximum 
nossla  area  F<z  a  const |  for  tha  section  b’e’  tha  nossla  araa  is 
reduced  to  F#J  a  conat,  and  whan  tha  maximum  rpm  is  reached  the 
nossla  area  is  rinally  reduced  (section  a’a)  to  its  designed 
magnitude  F#  d#>  that  ensures  tha  required  maximum  gas  temperature 
in  front  of  tho  turbine. 
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ri|urt  128i  Operating  tins  of  •  turbojot  angina  with 
a  three-pooltlon  variable-area  Jet  nossle. 

However,  Increasing  the  Jet  noeale  area  alone  will  not  always 
euceetd  In  preventing  coapreieor  surging  of  a  turbojet  engine, 

Thte  la  due  to  the  fact  that  the  gas  pressure  behind  the  turbine 
can  bo  close  to  ataoapherlc  pressure  at  reduced  rpa  of  the  turbo¬ 
jet  engine.  At  that  tlae  the  turbine  already  reacts  poorly  (in  the 
sense  of  an  Increase  of  and  the  associated  reduction  of  Tj)  to 
the  Increase  In  Jet  noeale  area,  so  that  the  operating  line  of  the 
eng  1  no  aovee  Insignificantly  assy  froa  the  surge  Hast.  tn  these 
cases  It  Is  necessary  to  take  recourse  to  additional  antl-aurglng 
techniques . 

Under  otherwise  equal  conditions,  bypassing  pert  of  the  air 
froa  an  Intermediate  compressor  stage  Into  the  ataosphere  will  re¬ 
sult  In  an  Increase  In  the  air  flowrate  and  aslel  air  velocity  In 
the  preceding  first  sttgea.  As  a  result  the  angles  of  attack  of 
the  blades  In  these  stages  will  be  reduced  for  a  given  rotor  cir¬ 
cumferential  velocity,  preventing  the  flow  separations  froa  the 
backs  of  the  blades  that  cause  coapreesor  surging.  The  air  flow- 
rate  through  the  last  coapreesor  stages  and  through  the  turblna  de¬ 
creases,  and  turbine  power  la  reduced  accordingly.  In  order  to 
maintain  the  engine  rpa  constant  while  air  Is  being  bypassed  from 
the  compressor,  the  gas  teaperature  in  front  of  the  turbine  must 
be  Increased.  This  increase  in  TJ  is  determined  froa  the  condition 
of  maintaining  the  equality  of  turbine  power  and  coapressor  power 
which  in  this  case  will  hive  the  following  forai 

O.tS  "  °.TLk  *  '  °.T)Lk* 

Designating  ca/caf  *  K,  *•  find  the  turbine  power  from  this 

asgraeelaat 

1  + 

where  Is  the  quantity  of  air  entering  the  compressor! 

is  the  air  flowrate  through  the  turblnei 
(G^-G^p)  Is  the  quantity  of  air  bypassed  froa  the  coapressor 
Into  the  atmosphere! 

L£  Is  the  work  expended  on  the  compression  of  1  kg  of  by¬ 
passed  air. 
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ll  rtllm  froa  rtiwltt  (10.9}  and  (10. a)  ■  ha ■  l h.  laa^rtlaia 
**  fr+*l  *f  lb.  l.rbIM  far  .bleb  Ib,r«ilir  ,...r  a,«a  I  a  l.rbiaa 
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b|H<*a4  Iba  llbaa  af  lb.  glean  ealuoa  af  t‘/T/\  a  canal  ahifi  in  iha 
dl  radian  af  largo  air  flaaralaa  in  tba  field  af  caaapraaaor  charac 
larlallca. 

*•  *•  nal  difficult  la  arrlva  at  Iha  concluatar.  that,  ebon 
air  la  being  by  peered,  Iha  ape  re  I  I  ng  tlna  af  a  turbojet  engl  n.  aim 
r.  •  '•*•1  ahlfla  In  Iha  dlrariian  of  lama  riouralaa  of  air  (of 
tha  air  entering  Iha  caapraaaor)  or.  In  athor  aordi,  that  II  aavti 
auaf  fraa  iha  iar|a  Hall,  but  unllVa  Iha  preoedlm  caaa  ihla  takaa 
placa  under  Inrraaaad  ■■■  t anparat urea  m  front  af  iha  turblna. 

Thla  trpo  af  dleplaceaent  of  tha  laair  part  of  Iha  operettm  Una 
•r  a  turbojot  on,lno  and  of  iha  TjAfl  •  conat  lluaa  uhon  air  la 
bain*  by  pa  a  a  ad  froa  tha  coapraaaor  at  lata  than  designed  rpa,  la 
ahown  In  figure  1*9  (aactton  cb). 


Figure  t*9i  Operating  ilna  of  a  turbojat  angina  with 
an  air  bypaaa  froa  tho  coapraaaor. 
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figure  130. 

derating  line  of  a  turbojet 
engine  ejth  pivoting  straightening 
blades. 


CH»rr»*  >• 


rer  wrtcr  or  ortPurraQ  cooomooi  om  mt  aroint, 
or  *  rvnaojrr  uom 

ttt  ttfHI  « f  Ut  r—  on  thl  tmmu  ft  Ih*  OMUIIh. 

tlMUX  «f  * 

Ul  •*  » MilMr  ika  tff«i  if  rpa  m  I ki  mix  *f  •  iwrkej*t 

•  l«IM,  HIMIkl  (fill  HMI|k«rll  iiMIIIim  ||  Mil  ••  llrtflXl 
•hd  alllliMi  in  iMilint  , 

«•  itai  ••••  l X.  rpm  HiMiiir  I*  rH« **  •ilk  *  rMniim  is 
rpm,  a*  Ike!  Ik*  point  .or  re. reading  t*  in*  *q«i  I  ibriua  rqlk  *r  a 
l«rk*j*i  onglna  *1  Ik  r#  *  cml  I*  displaced  d*.  award  .*.<  m. 

I*fl  *Imc  II*  iM'lllll  Ilk*.  .Mil  Man*  Ik* I  Ik*  c *»pr*..*r 
soaproaatan  ralta-g  and  ik*  flo*rsi*  parameter  a1  *r. 

**•<•1,  Thm  rilocllM  In  Ik*  c«*|riiil*n  r*ll*  - |J  i*  da*  I*  ik* 
f*cl  lk*l  Ik*  a*rk  tk*l  I*  c*Mak*d  f*r  Ik*  c**prw*»i*n  *r  i  k* 

•  r  *lr  In  Ik*  iMinnu,  I*  r*dw  *d  appr*.  Inal* I y  preperl  l*n*l  I? 
t*  ik*  i|Mr<  *f  rpm,  *nd  ih*  redact  tan  in  Ik*  floorata  nru.nr 
I*  c*v«*d  ky  Ik*  dacraaoa  In  Ik*  oolghl  rinnl*  of  Ik*  *lr  through 

•  k*  irr|ln*. 

If  Ik*  rpm  paros*  tor  *f  a  turbsjoi  engine  with  ■  c*ntl  I* 
rdKid  bcla»  li*  do*lgnad  magnitude,  th*  cmpniiiar  efficiency  ■> 
a*  a  ml*  ■Ml  at  flr«t  Inc raa**  slightly,  and  subsequently  be* in 
I*  decree  ••  hi  a  rala  becoming  fa*t*r  •Ilk  rising  designed  compr**- 
•lan  rails.  A  certain  Incraaaa  of  io*pr*i*or  efficiency  f»r  ■ 
caapanllMlf  •■all  reduction  In  rp*  b*loa  It*  designed  value  I* 
du*  to  •  reduction  of  loosoo  ■  ro*ult  or  th*  d*cr*o**  or  sir  flow 
velocity  In  tko  coaproioor.  A  reduction  of  coiproooor  efficiency 
for  a  groat  docraaoa  In  rp*  1*  coua*d  by  th*  lncroaolngly  algnlflcdit 
Jovlotlono  of  tka  anglo*  of  attock  of  tk*  blado*  In  tko  first  and 
la*t  cj.pr.uor  stags*  fro«  th.tr  do*lgn*d  valuos  during  thl* 
process . 

Howavor,  a*  far  a*  th*  turbln*  «fflcl*ncy  qj  i«  concerned,  It 
rM.lm  practically  conatant  when  th*  rp«  p.ra*«t*r  change*  within 
broad  Halt*. 

Th*  po*»(bl*  natur*  of  th*  d*p*nd*ncl*s  of  TJ,  C  ,  and 

n*  on  th*  rpm  in  tha  cas*  under  consideration  or*  shown  In  flgur* 

131.  wh*r*  th*  d*slgn*d  valu**  of  *11  th*  magnitudes  ,re  assuaed 
to  b*  equal  to  ono. 

If  th*  rpm  It  reduced  at  supercritical  drop*  In  th*  Jet  nozzle, 
th*  t*ap*r*tur«  TJ  In  front  of  the  turbln*  that  la  required  in  order 
to  acconpllah  equilibrium  regime,  of  ■  turbojet  engine  with  r  .const, 
la  reduced,  according  to  formula  (10.3),  In  direct  proportlon*to  the 
compressor  work  Lk,  as  long  a*  the  turbine  efficiency  remains  constant 
(s*e  figure  131 ). 
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ngur.  till  Variation  af  the  parameters  af  a  turbojet 
angina  allh  rt  a  canal,  aim  chary  l  ry  rpa . 

Naaaaar,  If  I  ha  pressure  drag  In  iha  Jal  naaala  la  aubcr 1 1  leal , 
lha  radar  1 1  on  In  iha  compression  ratio -J  olll  load  to  a  dacraaaa 
in  m.  |aa  a. pan. Ian  rat  la  «T  in  lha  turbine  of  a  lurbajat  an«lna 
aim  r#  .  canal.  At  lha  aaaa  ttaa,  turbine  efficiency  and  compres- 
aor  efficiency  alll  ba  reduced  If  Ihara  la  a  significant  raductlon 
In  rpm.  Aa  a  raaull,  iha  temperature  TJ  In  from  of  lha  turblna 
that  la  required  for  lha  equilibrium  regimes  of  lha  turbojot  angina, 
l<  r .due ad  aim  decreasing  rpa.  Initially  at  a  aloa.r  rat.  than  th. 
.orb  Lh.  aubaaquant  ly  achlav.a  a  alnlaua,  and  finally  .  upon  furthar 
significant  raductlon  In  rpa,  Incraaaaa  duo  to  tho  groat  dacraaaa 
in  tr  and  tho  raductlon  tn  turblna  arflcl.ncy  and  coapraaaor  affl- 
c  t»nr  y . 

In  ordar  to  oaplatn  auch  a  change  in  tha  laaparatura  T»  aa  turn 
to  tha  dependencies  of  tha  coapraaaor  aork  1^  and  tha  avallabla 
turblna  aork  Uj.,  aaanlng  tha  aork  that  could  hava  baan  obtained 
froa  tha  turbine  of  .  turbojet  angina  alth  f#  .  conat  If  tho  tempera- 
tura  TJ  In  front  of  tha  turblna  aora  kapt  conatant,  on  tho  rpa. 

Tha  coapraaaor  aork,  aa  aa  aantionad  above,  la  lncreaaed  alaoat 
proportionally  to  the*|uare  or  rpm.  But  tho  available  turbine  aork 
or  a  turbojet  engine  not  only  doponda  on  the  rpm  but  alao  on  the 
temperature  TJ  In  front  or  tha  turbine.  The  loaer  thle  temperature, 
the  smaller  alll  be  the  available  turbine  aork  1^,  for  a  given  rpm 
(for  e  tlven  >T|.  figure  1 32  shove  the  nature  or  the  dependence  of 
the  compressor  aork  Lk  (solid  curve)  and  the  available  turbine  aork 
or  a  turbojet  engine  on  the  rpm,  at  deferent  temperatures  T»  main- 
mined  conatant  in  front  of  the  turbine  (dotted  curves),  ahero  the 
designed  values  of  Lk  and  Lj.  are  assumed  to  be  equal  to  one.  In 
this  figure  the  topmost  dotted  curve  A  refers  to  the  available 
turbine  aork  at  a  constant  maximum  acceptable  temperature  T» 
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^^ur*  *3#i  Ectabliihlng  th*  equilibrium  r«(ian  of 
m  turbojot  engine. 

Th«  condition  U,  •  1^,  aa  «•  hnn,  la  mandatory  Tor  equilibrium 
ra«la«a  of  a  turbojet  engine.  But  thta  condition  la  precisely  satla- 
flad  by  tha  lntaraaetlon  polnta  of  tM  llnaa  or  available  turbln. 

•ork  Up  for  different  valuaa  of  TJ  •  const  with  tha  Una  that  da- 
taralnaa  tha  dapandanca  of  tha  cospranor  work  Lk  on  tha  rpm  (points 
2,  3»  4,  and  5  in  figure  132 ), 

Consequent ly ,  those  points  determine  that  combination  of  rpm 
and  temperature  TJ  In  front  or  the  turbine  where  equilibrium  regime, 
of  a  turbojet  engine  with  r#  .  const  are  obtained. 

It  is  readily  noted  that,  here,  each  rpm  corresponds  to  its 
quite  specific  temperature  TJ  In  front  of  the  turblnei  this  tempera, 
turo,  as  shown  in  figure  133.  is  initially  reduced  with  decreasing 
rpm,  and  subsequently  Increases  after  reaching  .  minimum. 

It  Is  obvious  that  this  increase  in  the  temperature  T»  at  low 
rpm  will  be  even  greater  If  ,ir  is  bypassed  from  the  compressor  into 
the  atmosphere.  However,  If  a  supercritical  pressure  drop  Is  main- 
tained  in  the  Jet  nosale  at  all  engine  rpm  values,  the  temperature 
in  front  of  the  turbine  under  equilibrium  regimes  of  a  turbojet 
engine  with  ■  const  will  only  decrease  with  decreasing  rpm. 
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Tlgur*  17)1  Variation  of  the  tiipiratuf  In  front 
of  tho  turbine  of  •  turbojet  «nf  ln«  with  ch«i^|r^ 
rpm,  under  •quihbrluo  rtflMf. 

4t  rpm  veluoe  greeter  than  n^a  tho  cemprooeer  werk  b»coMi 
•rooter  thon  tho  work  that  tho  lortlrt  can  doltver  at  TJ 
(ooo  f  if  urr  172).  Consequently,  sseeed»»m  tho  ititata  rpm  of  a 
turbojot  engine  with  T*  •  carol  Involve*  tho  necessity  of  Incress- 
Inf  tho  tempers!  ur#  In  front  of  tha  turblno  bovond  TJ  mj ,  ohftch 
load*  to  turblno  overftsettng  and  can  cauaa  turblno  btado  dootrve - 
tlon.  Therefore,  thlo  typo  of  onflno  operation  la  not  acceptable. 

Thlo  typo  of  unfavorable  ralattonahftp  batuaan  cooproitor  work 
and  turblno  work  to  oloo  obtained  at  lou  rya.  Actually,  at  rpm 
value*  below  *mit%  •  turbojet  onflno  ulth  •  const  tho  turbim 
work  Lj  at  TJ  M||  lo  loan  than  tho  compressor  work  1^,  so  oaan  In 
flfuro  1)2.  In  that  case.  In  order  to  obtain  equilibrium  regimes 
of  *  turi  >Jot  onflno  at  rpm  values  of  n  <  n>#4n  It  would  bo  necessary 
to  increase  the  turbine  work  which  for  a  const  can  be  accomplished 
only  by  aeans  of  lncresslnf  the  tenporature  in  front  of  tho  turbine 
beyond  TJ  mmK*  Out  this  is  not  acceptable  because  of  tho  danfer 
of  overheating  tho  turbine  blades. 

Thus,  a  very  high  gas  tenporature  In  front  of  the  turbine 
of  a  turbojet  engine  and,  consequently,  the  danger  of  overheating 
the  turbine  blading,  can  develop  at  maximum  and  close  to  naxlaua 
rpm ,  a*  well  as  low  rpm. 

Therefore,  continuous  operation  of  a  turbojet  engine,  not  only 
at  maximum,  but  also  at  low  rpm,  Is  acceptable  only  for  a  limited 
period  of  tlaa. 

2  •  The  Effect  of  External  Conditions  on  the  Parameters  of  tha 
Operating  Process  of  a  Turbo.let  Ena  1  no 

Let  us  now  consldor  the  offset  of  oxtemal  conditions,  which 
includes  airspeed  and  altitude  so  well  ee  the  teapereture  and  pres¬ 
sure  of  the  atmospheric  air,  on  the  parameters  of  the  operating 
process,  assuming  In  this  case  that  the  engine  rpm  remains  constant 
and  that  tha  prosaure  drop  In  tha  Jot  nozsle  Is  supercritical. 
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•  fj  •  TJJ  •«!  *»•  .  p^  «•  «f  Ilia  air 

al  the  <aapr«Mar  fatal  af  a  turbojet  aatilna  will  laaraaaa  aa  a 
raault  af  tha  laaraaaa  la  tha  velocity  heed  teapreaelvn  ralla-*  . 

*a  laaraaaa  la  laa  laa/artlura  TJJ  leede  la  a  redact  Ian  af  lha 
rpa  paranalar  al  a  a  caaat.  Aa  a  reautl,  lha  paint  that  da  - 

laminae  lha  a|allllrlia  raflaa  af  a  turbojet  >i«im  allh  a  canal 
la  dlaplaced  demnmerd  aad  la  lha  left  (eenclly  aa  la  lha  caaa  af  a 
radix  1 1  aa  af  a  al  TJ  a  canal),  ahlch  laada  la  a  reduction  In  lha 
eaapreeear  .eapreaalea  ralla  -J  aad  lha  f  lev  ret.  Mraaalar 
taaclly  lha  eena  dtaplacanent  af  lha  equl  1 1  hr  I  tan  rn«laa  alll  laka 

If  caarca.  If  enly  lha  temperature  T^  af  lha  alnaapharlc  air 
la  increaeed  aider  rtherulae  unchanged  candlllana. 

fha  change  In  lha  cenpreaaar  conpreaalon  rail  a  “{  that  accw. 
penlea  a  chanfa  In  lha  air  temperature  TjJ  al  lha  cenpreeeer  Inlal 
far  n  a  canal  la  due  la  tha  felleolng.  Tha  ceopreeaar  coaproeelen 
ralla  "g  depende  an  lha  product  af  camproeeer  eork  and  cempreaeer 
efficiency  and  an  lha  Initial  I  eoperalure  TJJ  af  lha  canproealan 
pracaaa,  aa  that 

L2d  k  • 

iihtnct 

v. 

•>»*  aaparlanca  ahoaa  that.  If  lha  rpn  la  kept  conelanl,  lha 
praducl  le  practically  alnocl  Indapandani  af  lha  leoperolure 

TJ|.  Tharafora,  lha  conpraaalan  ralla  "g  dac  racial  allh  I  nc  raaa  I ng 
Tfl  •*  I  ■  canal,  and  tncraaaaa  allh  decreoeli^  TJJ. 

Tha  raluctlon  af  lha  paranalar  rll'  In  Ihlc  caaa  accura 
bacauaa,  aa  aa  knaa  froa  caapraaarr  thaary,  II  la  uniquely  determined 
by  tha  Mach  number  '  al  lha  conpraaaar  Inlal,  aa  that  lha 

flaarata  paranalar  la  reduced  allh  a  reduction  In  the  Mach  number 
H,  (|f  <  ')•  It  aaa  ahaan  earlier  (a aa  Mgure  IJ6)  that  lha  air 

velocity  ct  at  the  coaprea*or  Inlal  of  a  turbojet  aiglna  allh  P  a 
conat  dec reaaea  or  reootna  apprealnately  conelanl  allh  Increaeli^ 
temperature  TJj  at  n  •  conat  and,  coneequent  ly,  alao  altb  Increaelng 
T#.  Tharafora,  If  the  temperature  T^j  tncraaaaa  aa  a  reeult  nr  an 
tncraaaa  In  atrapead  or  Incraaaad  teaperature  of  tha  ttnaapharlc 
air  under  otheruleo  unchanged  condition.,  the  Mach  ninber  M  (or 
I  /  )  and,  conaequentlv,  alao  the  flourata  parameter,  are  reduced. 

Houavor,  the  uelght  flourate  0^  of  the  air  through  tha  -ngine 
change,  different  ly  during  thla  pracaaa.  IT  the  alrapeed  la  In- 
cr.a.ad  at  n  a  conat  and  under  otharwtae  unchanged  condttlana,  the 
overall  conpreaalon  ratio-*  la  Incraaaad  due  to  the  Increaee  In 
the  velocity  haad  conpreaalon  ratio.  In  apita  of  the  decreaae  of 
"£  during  thla  procaaa,  uhleh  laada  to  an  Increaaa  of  preaaure  p* 

In  front  of  the  turbine  and  to  a  c orreapond 1  ng  lncraaae  In  the 
danalty  of  the  air  Moving  through  the  engine.  Aa  a  reault,  the 


••****•  0^  uf  lha  air  through  a  turbojet  angina  alth  T  a 

a  canal  incraami  uhlle  lha  fleereie  paraaaUr  la  reduced.  Mea- 
a*ar,  if  anlp  lha  tanperatura  af  lha  alaaifharli  air  la  Incraaaad, 
ina  taarraiiar  caapraaalan  rail#  and  a*  art  radix  ad  ,  aa  that  lha 
•tight  flaarala  0#  af  lha  air  I  h  re  ugh  lha  ai^lna  la  alaa  radix  ad  in 
lhaaa  eaaaa. 

ailh  incraaalng  altlluda  lha  lanpurqturu  nf  alnaaphurtc  air 
(*f  la  H  a  II  ha),  beraaetrlc  pressure  diepe,  and  lha 
danaltr  af  alnaagharlc  air  la  reduced.  Therefore,  lha  rpn  pereneter 
Incraaaaa  *nh  dacraaalng  altitude  al  V  a  canal  and  n  a  canal,  and 
lha  equilibria*  rag laa  af  a  lurhajat  angina  alth  a  canal  ahlfta 
a  roam  ami  la  lha  right  a  tang  ita  agaratlng  I  Ina,  ahlch  cerreepends 
la  an  Incraaaa  In  lha  c engross ten  ralla  *J  and  lha  flaarala  pereneter 
raaulung  fra*  lha  eauaac  naiad  above.  Heaever,  lha  aalghl  flaarala 
af  lha  air  Ihraagh  lha  angina,  0^,  la  reduced  in  thla  caaa  aa  a 
raauli  af  lha  dacraaalng  danaltr  af  alnaagharlc  air  alih  Incraaalng 
alllluda. 

Thla  Igga  af  dlaglacananl  af  lha  equtllbrlun  rag  laa  af  a 
turbajat  angina  uii*i  a  canal  ar.  In  alhar  aarda,  Ihla  incraaaa 
In  - J  and  alaa  accara  If  anlf  lha  langaralura  af  lha  elne- 

agharlc  air  ia'  raducad  under  athervlee  unchugad  candlllana.  gut 
Ihia  caaa  dlffara  fra*  lha  graccdlng  caaa  In  that  lha  aalghl  flan. 

,f  •If  Ihraugh  lha  angina  alll  ba  Incraaaad  aa  a  raauli  ar  lha 
Incraaaa  In  lha  danaltr  af  lha  air  Mating  Ihraugh  lha  arhflna  ahlch 
la  dua  le  lha  radon  I  an  af  fH  at  gH  a  canal. 

hllh  Incraaalng  alllluda  ar  dacraaalng  ataaagharlc  air  teupera- 
lura  al  n  a  carat,  lha  uqulllbrtun  raglna  af  a  turbajat  angina  ullh 
f#  a  canal  all:  ba  lacalad  at  a  gainl  m  ita  agaratlng  Una  ahaaa 
height  Incrcaan  at  Ih  Incraaalng  angina  rpn  and  ducraaeli*  a  I  ragaad . 
Tharafara,  If  lha  angina  age ra tee  at  aciiaua  ar  claaa  lo  aailaua 
rpn,  an  Incraaaa  In  alllluda  (cltnblng)  al  ralallaalr  alaa  a I  rape  ad, 
or  alnplr  a  radix  1 1  an  m  alnaagharlc  air  langaralura  during  alatlc 
•pa  re  1 1  on  (upan  taha*off)  can  lead  la  caagraaaar  aurglng  (in  gainl 
b,  aaa  figure  III). 

»  large  incraaaa  In  al  ragaad  ar  a  significant  Incraaaa  af 
alnaagharlc  air  langaralura  al  V  a  canal  for  V  a  0)  till  cause  a 
significant  daanaard  shift  af  the  equtltbrtun  raglna  af  a  turbajat 
angina  alth  T  m  a  canal  alaiyi  lie  agaratlng  Una  and,  consequent  Ip, 
can  also  lead  to  canprueser  aurglng  (in  gainl  H,  aaa  figure  ll)|. 

In  order  to  allnlnata  surging  It  la  neceeearp,  In  lha  flrat 
caaa,  lo  reduce  the  angina  rpn  or  lha  alllluda  and,  If  possible, 
to  incraaaa  the  airspeed  and  In  lha  ascend  caaa  to  reduce  (to  Unit) 
tho  oirepeed  or.  If  possible,  to  Incraoao  iho  onglno  rpn  a  isuluncoua- 
Ip  alth  lha  airspeed. 
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Picur.  IJhi  Dep.nd.nc.  of  th.  eo-pr..*or  work  „r  . 
turboj.t  .ndln.  ulth  P  .  con.t  on^AV^p^ur. 

•*  at  n  ■  const. 

If  th.r.  I.  .  .up.rcrlttc.l  pr...ur.  drop  In  th.  J.t  noi.l., 

Z' trP-r**Ur’  T!  ln  rr°nt  °f  th«  turtln*  *r  •  turboj.t  ,„;ln. 

•  '  e°"*t  ',iU  Ch*"«*'  •"O’-dln,  to  fnmul.  (,0.3),  n  dtr.c t 
proportion  to  th.  uork  1^.  Th.r.for.,  in  thi.  c...  an  incr.aa.  in 
.  taoperatur.  TJ  (r.g.rdl...  of  it.  c.u...)  at  „  .  con.t  „tu 
•ult  n  .„  incr.a..  of  th.  «..p.r.«ur.  TJ  in  front  of  tn.  turbln.  of 
turboj.t  .it* in..  .Uh  hi,h  v.,u..  of  n  j  ,nd  .  d.cr....  for 

turboj.t  eng ln.a  uith  .0.  v.iu..  of  -  d#>.  according!,,  .  reduction 

Of  ti  ‘  COn,t  1,111  C'“‘*  *  d,CrM,e  °f  th*  t.™p*  r.tur.  in  front 

of  th.  turbln.  und.r  high  v.iu..  of  n.  . 

Io.  v.iu..  of  ..  k  d«’  "d  lncre««« 

K  dss* 

However,  if  ,h.  pr.a.ur.  drop  in  th.  J.t  no.il.  i.  .ubcritic.l. 
a  incr....  of  air  t.op.r.tur.  TJ  at  n  .  con.t  and  1  .  con.t  will 

«u‘rb!rPLn“d  ^  ‘  r,<,UC“0n  °f  th<  —  "P*"“0n  ™“»  *T  **• 
t  rb  n.  and.  con..qu.ntly,  a...  of  th.  ratio  Lk/TJ  (du.  toll,  r._ 

-oct, on  of  n£),  uhil.  .  d.cr. a.,  of  TJ  uill  c.u./it  to  incr.a... 

lo I'/r!  lUlm\l°n'  •»—  that  th.  ratio  L  /T.  ch.nges 

a  drr.t.r  d.gr..  than  ,h.  .orh  V  Th.r.for.,  in  thu  c... 
l«r....  i„  ,h.  t.ap.ratur.  TJ  (a.  ..n  a.  ln  ,t  „  .  conat 
al.ay.  (und.r  all  po..ibl.  chan*.,  of  ^  ,ho.n  in  figure  ,,*>  l.ad. 
d,,r”  °f  of  th.  t.op.r.tur.  TJ  in  ft-ont  of  the 
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lurk  in*  *f  m  t*rh*j*t  M||M  •Ilk  r#  *  iml,  •nil*  •  Immii  »f 
fj  l«  T„)  !•  •  rtlwilM  if  Ik*  I wp r  o  I  s  ro  rj. 

’•  »t  m  t»r**i  tM.  u.m^m  «f  t  |MIM  “ 


In  c*n*ld*rlnt  Ik*  <(|«M>M(  •(  ik«  ikml  sad  ||M I r I ■  rod 

(MMiMfllM  of  •  iMfUIH  Urktjtl  (<«IM  *llk  f#  •  (Mil  mm  Ik* 
iMIMriim  mmd  prmmmmrm  mt  *ln*apharic  *lr.  1*1  mm  mm  Ikal  Ik* 
rp»  *M  *ir*p**d  rmmmim  imiui  k*r*  (*r  l k*l  V  *  o). 

If  lk*r*  I*  •  chant*  Ik  *IM*|k*rl(  prmmmmrm  ^  *1  •  <•*•! 

**d  *  •  c*o*i,  Ik*  |n*i»r*  *|  Ik*  caapr****r  l*l*i  mmd  Ik*  oountor- 
pr***ur*  *1  Ik*  J*I  Mail*  mi|*i  mt  tka  i«r*«jn  *i«im  *111  cli*kl* 
proportionally.  kit  in*  Mrwun  IK* I  a*i*miiw  ik*  rot  in*  mt 
Ik*  >«|r *i**r  ( I  k*  t  I*  I*  ml  p*  |  and  Ik*  lurk  Ik*  (f.r 

Inolonc*,  rjAj])  *r*  mi  d*p*nd*kl  **  *l *•***»« r I c  prmmmmrm .  Tk*ro- 
tm rm,  If  lk*r*  I*  a  ckonfo  Ik  *la**ph*rlr  |r***an  ^  mmdmr  •  I k* r - 
•*“«*  c.ndni.**.  Ik*  pm  I  ki  Ik  ik*  ridd  mt  tmmprmmmmr  ck*n<  - 
larldlca  IKai  carroapondo  I*  I k*  oqotlihrlua  n«u*  *f  Ik*  l*rk*J*t 
mntinm  |«  n*l  dlapl.cod.  and  *11  Ik*  p*  mao  I  or*  mt  Ik*  opord  ll« 
prmtmmm  mt  Ik*  turkaj*!  *k(la*.  **<k  -  J.  fj,  and  ••  mm,  rwia 

cofidani . 

Il  fall***  f rmm  Ik*  r*r*d*lk«  Ikal.  If  lk*r*  ■*  mm  lacrsa**  la 

•  ia**pk*rlr  ariMura  ^  ualir  *lk*r>l**  equal  c*ndlli*a*,  Ik*  prmm- 
marmm  In  «l  cr***>*MII*M  mt  Ik*  ri*u  **cll*n  mt  Ik*  lurk*j*l 

mm*  i  n*  will  Incr****  proper!  I  ecu*  1 ly  |*  Ik*  prmmmmrm  uhll*  IK* 

t*Bp*rdur**,  Inc  ludlnd  lk*a*  la  fr*al  *f  Ik*  lurkla*,  u||l  raaln 
constant .  A*  a  reautt,  IK*r*  »tll  bo  n*  cKsat*  I*  Ik*  *aka**l 
edacity  (rmm  Ik*  jd  nsaal*  and,  conaoquonl ly ,  la  ik*  *k*ciric 
thru*!  and  apacific  f**l  immyllM.  kii  ••  f*r  a*  Ik*  mI«M  fl*»- 
r*l*  *f  Ik*  Hr  iKroud.t  in*  onclr*  |*  coac*ra*d,  II  *lll  k*  Inc ro***d 
In  dlr*cl  proportion  i*  in*  Incr****  In  *ta**pk*rlc  prmmmmrm  p^, 
du*  to  IK*  Inc r*«a*  mt  prmmmmrm  y*  In  fr*nl  mt  IK*  lurttn*  and 
bocouao  *r  TJ  •  c*n*i,  •kick  *!••  land*  I*  *  c  mrrmmpmmd  I  (id  Incr**** 
of  on#  l no  thru*!. 

Tku*,  Il  |*  n*t  difficult  to  fora  Ik*  c*nclu*i*n  that*  *1  • 

«•»•»  rpa  and  undor  oik*ni*<  unck*n«*d  c*ndtn*no,  in*  ihru*i  of 

•  turbojet  on*  in*  till  incr****  pr*p*rt  l*n*l  ly  to  Ik*  incr****  In 
alaoapkerlc  pro. our#  i^,  *nd  ikal  mi*  I*  du*  •aelududy  I*  Ik* 

■  ooacioiod  incr****  In  Ih*  **l«hl  fl**r*l*  «f  air  through  Ik*  on* (no, 
uhll*  ik*  specific  fu*l  r  omuapi  ion  run#  l  no  constant.  And  Ik*  Ihrud 
of  •  turbojet  engine  In  roino  olih  dacroaaind  *la**pk*rlc  prmmmmrm 

V 

•oroovor,  Il  au*i  bo  i*k*n  ‘Mo  consideration  Ikal  •  d«nirt- 
c*nl  reduction  of  alaoapkerlc  pr**aur*  and,  consequent  ly,  also  of 
Ih*  d*noily  of  Iks  oir  and  coabudion  pr*Jucla  in  Ik*  or^ln*,  Ikal 
lo  du*  lo  flick*  *|  very  a  root  *liiiud*a,  can  load  I*  •  roducilon 
in  ik*  Noynutds  nuabor  in  Ik*  ancma  f I o*  aacllon  uklch,  undor 
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etherwlee  equal  condlllena,  already  cauiti  an  appredlable  Incraaaa 
of  friction  loeeee,  and  In  particular  a  correeponding  reduction  of 
turbine  and  toopretaor  efriclancy.  In  that  caae,  obvloualy,  the 
gee  temperature  TJ  In  front  of  the  turbine  auat  be  tncreaaed  In 
order  to  keep  the  rye  conetant.  Conaequently,  If  p|(  la  reduced  to¬ 
gether  utth  a  reduction  In  the  thruet  of  a  turbojet  engine,  the 
apeclflc  fuel  coneuaptlon  will  be  Inc  reeled,  and  the  reglue  of  the 
turbojet  engine  will  ehlft  along  tha  (  Una  toward  the 

aurge  Halt,  which  aeani  that  all  the  parameter!  of  the  operating 
P recall  change,  too,  and  that  the  liability  margin  of  the  engine 
becoaee  imellir. 

A  change  in  atmoipherlc  air  temperature  along  will  alwaye  re  - 
•  ult  In  a  change  In  the  thruet  of  a  turbojet  eiglne  and  In  lte 
apeclflc  fuel  coneuaptlon. 

It  wee  ehown  above  that.  If  the  rpa  of  a  turbojet  engine  remain! 
conetant  during  a  reduction  of  aablent  temperature  TH,  the  weight 
flowrate  of  air  through  the  turbojet  engine  and  the  compreaelon  ratio 
ef  It*  ceapreaaor  will  tncreaae  while  the  temperature  TJ  In  front 
of  tha  turbine.  If  It  aleo  change!  In  either  direction,  will  do  eo 
to  a  leeeer  degree  than"k  and  Ga<  Moreover,  It  le  obvloua  that 
the  temperature  TJ  at  the  coaqireieor  outlet  will  be  reduced. 

Ae  a  revolt  of  the  tncreaae  In  the  coapreeaor  coapraaalon  ratio 
the  gaa  eepanelon  ratio  In  the  Jet  noaale  end,  conaequently,  aleo 
the  apeclflc  thruet  or  a  turbojet  engine,  will  tncreaae  with  de- 
c reaving  T^.  Since,  In  thle  caee,  the  weight  flowrate  of  the  air 
le  tncreaeod  at  the  lame  time,  engine  thruet  will  tncreaae  at  an 
even  greater  rate  than  apeclflc  thruet. 

Due  to  the  lncreaee  In  epeclflc  thruet,  the  apeclflc  fuel  con¬ 
euaptlon  of  a  turbojet  engine  will  decreaee  with  decreaelng  TH« 
hut  etnee.  In  thle  caee,  the  eaceee  of  air  coefficient  1  le  reduced 
due  to  the  Increel l ng  temperature  difference  (TJ  -  TJ),  the  epeclflc 
fuel  coneuaptlon  will  choice  at  a  leeeer  rate  than  the  epeclflc 
thruet  when  there  le  a  change  In  aablent  temperature. 

Thue,  at  a  given  rpa  and  under  otherwtae  equal  condition!, 
the  thruet  delivered  by  a  turbojet  engine  will  lncreaee,  and  lte 
epeclflc  fuel  coneuaptlon  will  decreaee,  with  decreaelng  ambient 
air  temperature.  And  If  the  ambient  teaperature  lncreaaee,  the 
thruet  of  a  turbojet  engine  at  n  a  conet  will  decreaee  accordingly, 
while  the  apeclflc  fuel  coneuaptlon  le  increaeed. 

The  relative  change!  In  the  thruet  and  epeclflc  fuel  conetmp- 
tlon  of  a  turbojet  engine  with  P^  e  eonet  and  for  n  •  conet  are 
el. own  ae  function!  of  aahlent  air  teaperature  TH  In  figure  1JJ, 
where  the  value!  for  P  and  are  aeauaed  to  be  equal  to  one  for 
T„  e  273*8  (0*  C). 
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F1*Ur*  'm  !h  “epend,nc*  of  P  »"*  C  of  a  turbojet  engine 
with  r#  .  const ,  on  ambientpair  temperature 
■  t  n  ■  const. 

The  Significant  aff.ct.  of  atmospheric  condition.  „„  th. 
parameter,  of  the  operating  proc.a.  and.  in  th.  long  run,  on  th. 
thrust  and  specific  fu.l  con.umption  of  a  turbojet  .ngin.,  m.k.  it 
necessary  to  reduce  th.  r..ult.  of  .ngine  test,  to  identical, 
Standard  ^mo.ph.rtc  condition,  which,  at  an  altitude  of  H  -  0  (at 
a.a  level),  corre.pond  to  a  barometric  prea.ur.  of  p  .  760  mm 
mercury  column  < . . Ojj  kg/cm’)  and  .n  air  t..p.r.tur.°of  T  .  Z88°K 
(♦  <5  C),  o 

Obvious ly ,  without  thi.  reduction  it  i.  i»po..ibl.  to  compare 
data  obtained  .t  different  time,  for  on.  and  th.  turbojet 

•ngine.  to  judge  correctly  vh.th.r  a  turbojet  engine  meet,  techni¬ 
cal  specifications,  or  to  compare  th.  data  of  different  turbojet 
engines . 

Special  formula,  based  on  the  application  or  the  theory  of  the 
similarity  of  g«.  flows  to  turbojet  engine,  are  u.ed  to  reduce  th. 
thrust,  specific  ruel  consumption,  and  other  parameter,  of  turbo¬ 
jet  engines  to  standard  atmospheric  conditions.  The.,  formula, 
and  their  derivation  shall  be  dtscuaa.d  in  th.  following  chapter. 

**  IE*  Eff»ct  °f  th.  Geometry  of.  and  Los,.,  in  the  El.m.nt.  „c  . 
lurbojqt  Engine  on  Thrust.  Economy.  snd  Temperature  in  Front 
of  the  Turbine 

The  following  ar.  .object  to  change  m  a  turbojet  engine  during 
operation  in  the  aircraft  1 

the  minimum  flow  areas  or  the  Jet  nozzle,  F  ,  and  of  the 
turbine  nozzle  assembly,  F^ ,  a.  a  result  of  the?r  control,  de- 
formation,  or  damage) 

the  velocity  coefficient  Vj  „  of  the  jet  nozzle  (or  rather, 

of  the  exhaust  system),  for  instance  when  an  extended  exhaust  pipe 
is  installed) 

the  efficiencies  of  compressor,  nk,  and  turbine,  n  ,  a.  well 
a.  the  coefficient  ^  of  the  turbine  nozzle  assembly,  .  r.,ult 
or  hlade  damage  or  a  deviation  or  radial  clearances) 

the  pressure  coefficient*^  l„  the  combustion  chamb.rs,  due 
to  deformation  of  flame  tubes  and  flame  stabilizers, 


RA-0 17-68 


209 


the  pressure  coefficient  a **  the  engine  inlet,  due  to 
modification*  or  damage  on  aircraft  air  Intake  assemblies  or  ducts, 
or  as  a  result  of  the  installation  of  a  given  engine  into  an  aircraft 
of  different  design. 

Also,  an  immediate  change  in  the  magnitudes  and  coefficients 
listed  above  is  very  frequently  found  during  final  testing  of  a 
completed  turbojet  engine,  as  a  result  of  design  modifications  made 
on  engine  elements. 

In  this  context,  let  us  consider  the  effect  of  the  areas  F# 

and  as  well  as  of  the  coefficients  indicated  above  that  are 

NA 

defined  as  losses  In  the  engine  elements,  on  the  thrust  and  specific 
fuel  consumption  of  s  completed  turbojet  engine,  assuming  that  the 
rpm,  airspeed,  altitude,  and  atmospheric  conditions  are  constant. 

It  was  established  earlier  that  a  change  in  the  Jet  nozzle 
area  P8  or  in  the  turbine  nozzle  assembly  area  PNA  at  n  a  const 
and  under  otherwise  equal  conditions  will  cause  a  change  in  the 
temperature  T*  in  front  of  the  turbine  and  a  shift  of  tha  regime 
of  the  turbojet  engine  along  the  py  "Cl,n**-  line.  As  a  result, 
all  other  parameters  of  the  operating  process,  tt  J,  t)^,  nT>  and  so 
on,  will  change,  too.  However,  the  determinative  effect  on  thrust 
and  specific  fuel  consumption  here  is  still  the  gas  temperature 
in  front  of  the  turbine. 

If  only  the  area  re  of  the  Jet  nozzle  is  increased,  the  gas 

expansion  ratio  t ?  in  the  turbine  will  increase,  the  temperature 

T*  in  front  of  the  turbine  will  be  reduced  if  n  •  const  is  main- 
z 

tained,  and  the  regime  of  the  engine  will  shift  into  the  area  of 
lower  values  of  tt  £  and  r\ ^  and  greater  air  flowrates  Gft.  An  in¬ 
crease  in  *T  accompanied  by  a  simultaneous  decrease  of  temperature 

T*  will  lead  to  a  reduction  of  gas  temperature  T*  in  front  of  the 
z  - 

jet  nozzle.  Moreover,  due  to  the  reduction  in  tt  £  and  the  increase 

in  *  the  gas  pressure  pJJ  in  front  of  the  jet  nozzle  will  drop 

and,  consequently,  the  gas  expansion  ratio e  in  the  Jot  nozzle 

will  be  reduced.  As  a  result,  the  specific  thrust  P  will  decrease, 

BP 

and  so  will  the  thrust  P  of  the  engine,  in  spite  of  a  certain  pos¬ 
sible  increase  in  the  flowrate  Ga« 

A  reduction  in  specific  thrust  leads  to  an  increase  in  speci¬ 
fic  fuel  consumption.  But  at  the  same  time,  due  to  the  decrease 
in  the  temperature  T*  in  front  of  the  turbine  and  the  insignificant 
change  in  the  temperature  at  the  compressor  outlet  that  is  involved 
the  excess  of  air  coefficient  0.  will  increase,  contributing  to  a 
reduction  in  specific  fuel  consumption.  However,  at  the  same  time 
there  is  a  decrease  in  and  n*  Therefore,  if  the  Jet  nozzle 

area  F  is  increased,  the  specific  fuel  consumption  C  can  decrease 
e  ®  P 

slightly  at  first,  achieving  a  minimum  for  a  certain  magnitude 

determined  by  the  turbojet  engine  in  question  and  can  subsequently 

increase . 
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The  nature  of  the  relative  change  In  thrust,  specific  fuel 
consumption,  specific  thrust,  and  other  parameters  of  a  completed 
turbojet  engine,  as  functions  of  its  Jet  nozzle  area  F  and  for 
n  •  const,  is  shown  in  figure  136  where  the  designed  values  of  all 
these  magnitudes  are  assumed  to  be  equal  to  one. 


Figure  1361  Dependence  of  the  thrust  and  specific 
fuel  consumption  of  a  turbojet  engine  on  the  Jet 
nozzle  area,  for  n  «  const. 

A  reduction  in  the  area  FNA  of  the  turbine  nozzle  assembly 
at  n  .  const  also  leads  to  a  reduction  in  the  temperature  T»  in 
front  of  the  turbine,  due  to  the  increaae  of  the  gas  expansion  ratio 
eT  in  the  turbine.  Therefore,  if  the  area  FNA  is  reduced,  engine 
thrust  and  specific  fuel  consumption  will  change  qualitatively  in 
the  same  manner  as  for  an  Increase  in  the  Jet  nozzle  area  F  .  But 
in  this  case  the  effect  of  F^A  on  thrust  proves  to  be  less  than 
the  effect  of  F#.  This  is  due  to  the  fact  that,  if  FNA  is  reduced, 
the  reduction  in  the  tempersture  TJ  will  be  accompanied  by  a  shift 
or  the  regime  of  the  turbojet  engine  into  the  area  of  greater  values 
of  tt»  and  qk  and  lower  flowrates  Ga  (it  will  move  toward  the  surge 
limit)  . 

Calculations  and  experience  show  that,  under  otherwise  equal 
conditions,  a  1  %  change  in  the  area  F#  can  cause  the  thrust  to 
change  by  1  to  2  %  in  the  direction  indicated  above,  the  specific 
fuel  consumption  by  0.5  to  1  %,  and  the  temperature  T»  in  front  cf 
the  turbine  by  0.75  to  1.5  *,  while  a  1  %  change  in  the  area  F 
corresponds  to  a  change  of  0.8  to  1.3  %  in  thrust,  0.5  to  1 .  1  56 
in  specific  fuel  consumption,  and  0.4  to  l,0(  in  T*,  for  static 
engine  operation  on  the  ground.  The  effect  of  F^ecomes  stronger 
with  increasing  airspeed. 

At  n  •  const,  a  change  in  the  losses  in  the  engine  exhaust 
system  that  are  determined  by  the  coefficient  cPj  n  must  result, 
ss  seen  from  formula  (10.2),  in  exactly  the  same  change  of  the 
parameters  of  the  operating  process  as  a  change  in  the  Jet  nozzle 

area  F  . 

e 

If  the  losses  in  the  exhaust  system  are  increased  or,  in  other 
words,  if  <pJ  n  Is  reduced,  the  exhaust  system  will  show  greater  gas 
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flow  resistance ,  so  that  the  pressure  p*  behind  the  turbine  will 
Increase  and  «T  decrease,  requiring  an  Increase  of  gas  temperature 
Tz  In  front  of  the  turbine  In  order  to  maintain  n  •  const.  Consequent¬ 
ly,  a  reduction  in  <Pj_n,  like  a  reduction  in  F #,  will  cause  the 
regime  of  the  turbojet  engine  to  chin  toward  the  surge  limit  along 
the  K',',  C0,'Sl  lln®  ("£  ls  increased),  and  the  stability  margin  of 
the  engine  will  be  reduced. 


The  change  in  the  thrust  of  a  turbojet  engine  when  *  Is  re¬ 
duced  and  n  .  const,  is  a  result  of  the  increase  of  the  temperature 
Tz  and  the  simultaneous  increase  of  the  expansion  ratio  e  in  the 
Jet  nozzle  that  is  due  to  the  increase  inn*  and  the  reduction  of 
during  this  process. 


As  a  rule,  the  increase  in  T»  and  c  has  a  decisive  effect 
that  results  in  an  Increase  In  the  thrust  of  a  turbojet  engine  at 
n  .  const  and  a  reduction  of  (pJ>n,  in  spite  of  the  Increase  of  los¬ 
ses  in  the  exhaust  system  (see  figure  137).  Moreover,  the  increase 
in  the  temperature  T*  that  is  associated  with  the  Increasing  losses 
In  the  exhaust  system  of  the  turbojet  engine,  also  leads  to  an  in¬ 


crease,  at  n  .  const,  in  the  specific  fuel  consumption  (see  figure 
137),  since  the  specific  thrust  increases  at  a  significantly  lesser 
rate  during  this  process  (due  to  the  reduction  in  <?  )  than  it  does 

for  a  reduction  in  F  . 

e 


Figure  137*  Dependence  of  the  thrust  and  specific 
fuel  consumption  of  a  turbojet  engine  on  the  losses 
in  the  exhaust  system  (on  (pJn),  for  n  •  const. 

A  1  %  increase  of  losses  in  the  exhaust  system  of  a  turbojet 
engine  at  n  »  const  and  under  otherwise  equal  conditions,  can  cause 
the  thrust  to  increase  by  about  0.5  to  1.7  %  and  the  specific  fuel 
consumption  by  0.7  to  1.4 

It  is  readily  noted  from  the  description  given  above  that 


a  change  in  the  velocity  coefficient  <vNA  or,  in 
the  losses  in  the  turbine  nozzle  assembly,  must 
the  oame  change  in  the  parameters  of  a  completed 


other  words ,  in 
lead  to  exactly 
turbojet  engine 


as  a  change  in  the  area  FNA  of  the  turbine  nozzle  assembly.  In 


particular,  the  expansion  ratio  *T  increases  with  decreasing 


^NA’ 
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resulting  in  a  reduction  of  temperature  in  front  of  the  turbine  for 
n  ■  const  (if  ■  const  during  this  process),  and  accordingly  in 
reduction  of  engine  thrust  and  of  the  stability  margin. 

If  the  turbine  efficiency  'Xp  is  increased,  the  temperature  in 
front  of  the  turbine  that  is  required  to  maintain  the  previous  rpm 
of  the  turbojet  engine  will  increase,  which  follows  directly  from 
formula  (10.2),  and  the  air  flowrate  through  the  engine  will  de¬ 
crease.  Therefore,  the  regime  of  the  engine  shifts  to  the  left  and 
upwards  along  the  y  const  line,  approaching  the  surge  limit, 

meaning  that  n*  increases.  At  the  same  time,  the  increase  of  the 
hydraulic  losses  in  the  turbine  that  are  associated  with  the  reduc¬ 
tion  in  turbine  efficiency  will  cause  a  reduction  of  the  adiabatic 
(polytropic)  exponent  of  expansion,  which  also  contributes  to  a  re¬ 
duction  in  the  gas  expansion  ratio  e ^  in  the  turbine.  The  increase 
in  and  the  reduction  in  c  ^  lead  to  an  increase  of  the  gas  expansion 
ratio  in  the  jet  nozzle,  <  j  n*  As  a  result  of  the  simultaneous  in¬ 
crease  of  T*  (and,  accordingly,  of  T*)  and  Cj  n»  the  specific  thrust 
and  the  thrust  of  a  completed  turbojet  engine  will  increase  with 
decreasing  turbine  efficiency  (see  figure  138).  The  specific 
fuel  consumption  will  increase,  too,  since  in  this  case  the  reduc¬ 
tion  of  Jthat  is  due  to  the  increase  in  the  temperature  T*  pre¬ 
dominates  over  the  Increase  in  specific  thrust. 


figure  1381  Dependence  of  the  thrust  and  specific 
fuel  consumption  of  a  turbojet  engine  on  turbine 
efficiency,  at  n  •  const. 

If  the  compressor  work  Lk  is  increased  with  increasing  compres¬ 
sor  efficiency  ^  at  n  *  const,  the  temperature  in  front  of  the 
turbine  must  be  increased,  too.  As  a  result,  the  regime  of  the 
turbojet  engine  will  be  displaced  along  the  ''C0Ilst  line  toward 

the  surge  limit,  and  the  gas  expansion  ratio  c j  n  in  the  Jet  nozzle 
will  increase  because  of  the  increase  in  n£.  Therefore,  in  this  as 
in  the  preceding  case,  the  thrust  and  the  specific  fuel  consumption 
of  the  turbojet  engine  will  be  Increased. 

A  1  %  reduction  of  turbine  efficiency  at  n  *  const  can  lead 
to  an  increase  in  the  temperature  T*  of  an  existing  turbojet  engine 
by  about  1.3  to  1.43  % ,  and  by  0.8  to  1.8  in  the  thrust  and  the 
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specific  fuel  consumption.  And  a  1  %  reduction  of  compressor  ef¬ 
ficiency,  or  a  1  %  increase  of  at  n  ■  const,  can  cause  T£  to  in¬ 
crease  by  about  1.1  to  1*3  and  the  thrust  and  specific  fuel  con¬ 
sumption  by  0.6  to  1.3 

If  the  loss  in  total  pressure  in  the  combustion  chambers  is 


increased  or,  in  other  words,  if  the  coefficient 


is  reduced, 


c  .  c 

the  weight  flowrate  of  air,  G^,  will  be  reduced  for  a  given  value 
of  tt  £,  due  to  the  reduction  of  pressure  in  front  of  the  turbine  and, 
consequently,  the  entire  operating  line  of  a  turbojet  engine  with 
Fq  ■  const  will  be  displaced  to  the  left,  toward  the  compressor  surge 
limit . 

Therefore,  an  increase  ina  at  n  •  const  leads  to  a  reduc- 

c .  c  „ 

tion  in  the  air  flowrate  through  the  compressor  (unless  the  Y r 
line  is  vertical)  and  to  an  increase  in  both,  the  compression  ratio 
n  *  and  the  compressor  work  L^.  In  that  case,  if  the  pressure  drop 
in  the  jet  nozzle,  for  instance,  is  supercritical  so  that  *  const, 
the  temperature  T+  in  front  of  the  turbine  must  be  increased  in  ac¬ 
cordance  with  the  increase  in  L^,  if  n  m  const  is  to  be  maintained. 

It  is  obvious  that  an  increase  in  the  temperature  T*  at  «T  *  const 


the  Jet  nozzle.  In  order  to  explain  how  the  gas  expansion  ratio 
Cj  n  in  the  Jet  nozzle  is  changed  in  this  case,  let  us  revert  to 
expression  (l0.2)  on  whose  basis  we  can  write 

‘j.n  “  p2/pH  *  p;/pH  SA'NA^j.n/V"- 
Substituting 

PJ/PH  ""J.hl  °c.c 

and  taking  into  consideration  the  conditions  used  above,  where 


j.n 


-j.="  const 


Depending  on  the  slope  of  the  V  in  line,  the  increase 

in  the  compression  ratio  n  £  can  be  greater  or  smaller  than  the  re¬ 


ratio  e j  ^  in  the  jet  nozzle  can  either  increase  or  decrease  with 

decreasing  c«  Calculations  show  that  this  leads,  respectively, 

to  an  increase  or  a  decrease  of  engine  thrust  within  the  limits  of 

about  +  0.5  %  for  a  1  %  decrease  in  0 

-  c .  c 

The  specific  fuel  consumption  increases  with  decreasing  c  c 
(up  to  0.5  %  for  1  $  of  0  )  as  a  result  of  the  increase  of  the 

temperature  T*  in  front  of  the  turbine  (or  decrease  of  a)  which  is 
decisive  in  this  case. 

An  increase  of  losses  at  the  engine  inlet,  or  a  decrease  of 


a  reduction  of  air  pressure  p£  « 0 in^H  the  comPre"or  inlet. 
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However,  the  flowrate  parameter  does  not  depend  on  this  pressure, 

since  the  weight  flowrate  of  air  at  ■  const  is  proportional  to 

the  pressure  p*.  Therefore,  if  is  reduced  and  n  ■  const,  the 

compression  ratio  and  the  compressor  work  will  remain  constant, 

while  the  pressure  p*  m  a  p#  tt#  in  front  of  the  turbine  will  be 
z  c  *c  a  R 

reduced  at  the  same  rate  as  the  pressure  p*  in  front  of  the  compres¬ 
sor. 

If  there  is  a  supercritical  pressure  drop  in  the  jet  nozzle, 
the  expansion  ratio  *T  in  the  turbine  will  be  determined  only  by 
the  magnitude  of  the  ratio  n*'©*  and  will  not  depend  on 

the  pressure  pj  in  front  of  the  turbine  or,  in  other  words,  it  will 
not  be  dependent  on  p * ,  either.  As  a  result,  in  this  case  the  re¬ 
duction  in  leads  to  an  identical  reduction  in  both,  the  pres- 

sure  p*  in  front  of  the  turbine  and  the  pressure  p|  behind  the 
turbine,  and  the  gas  expansion  ratio  n  in  the  Jet  nozzle  will 
be  reduced. 

Consequently,  if  there  is  a  supercritical  pressure  drop  in 
the  Jet  nozzle,  a  reduction  in  under  otherwise  equal  conditions 
will  not  violate  the  equality  of  L^,  ■  L^,  and  therefore  no  change  In 
the  temperature  TJ  in  front  of  the  turbine  is  required  in  order  to 
maintain  n  ••  const  or,  in  other  words,  if  there  is  a  change  in 
CTin*  the  Point  th®t  determines  the  equilibrium  regime  of  the  turbo¬ 
jet  engine  will  maintain  its  previous  position  on  the  ~  ~ const 


Moreover,  the  thrust  of  the  engine  and  its  specific  thrust 
will  decrease  with  decreasing  o  ^  and  n  •  const,  and  the  specific 
fuel  consumption  will  increase,  which  is  due  to  the  reduction  of 
the  weight  flowrate  of  air  through  the  engine  and  of  the  gas  ex¬ 
pansion  ratio*  j  n  in  the  Jet  nozzle. 

However,  if  there  is  a  subcritlcal  pressure  drop  in  the  Jet 
nozzle  of  a  turbojet  engine,  the  reduction  of  at  the  inlet  and, 

consequently,  of  the  pressure  pj  in  front  of  the  turbine  as  well, 
will  cause  a  reduction  of  the  gas  expansion  ratio  in  the  turbine 
or,  in  other  words,  if  there  is  a  reduction  in  ain  the  pressure  p* 
will  drop  at  a  faster  rate  than  the  pressure  p*,  so  that  the  tempera¬ 
ture  T*  must  be  increased  in  order  to  maintain  n  »  const,  which 
follows  from  equation  (10.2).  This  leads  to  a  simultaneous  decrease 
of  thrust  and  increase  of  specific  fuel  conau:»pt ion,  and  to  a  dis¬ 
placement  of  the  regime  of  the  engine  to  the  left  and  upwards  along 

•i  _ 

the  y  ionM»  line,  or  toward  the  surge  limit  (see  figure  139), 
and  the  stability  margin  of  the  turbojet  engine  will  be  decreased 
which  frequently  proves  to  be  an  inacceptable  consequence  of  a  re¬ 
duction  in  o.  . 
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Figura  139l  Dapandanca  of  tha  thrust  and  specific 
fual  consumption  of  a  turbojat  angina  on  tha  lossas 
at  tha  angina  inlat,  for  n  a  const. 
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CHAPTER  12 

CHARACTERISTICS  OF  TURBOJET  ENGINES 

1.  Centm.l  Com  Id  era 1 1  ona 

An  engine  Installed  In  an  aircraft  la  operated  at  different 
rpm ,  airspeed,  and  altitude.  Therefore,  an  exhauative  evaluation 
of  all  the  quelltles  and  capabilities  of  a  turbojet  engine  requires 
that  the  dependencies  of  its  thrust  and  specific  fuel  consumption 
on  rpm,  airspeed,  and  altitude  be  known.  These  dependencies  are 
called  the  primary  characteristics  of  a  turbojet  engine. 

The  dopendencies  of  the  thrust  and  specific  fuel  consumption 
of  a  turbojet  engine  on  the  rpm  are  called  the  rpm  characteristics 
or  throttling  characteristics. 

The  dependencies  of  the  thrust  and  specific  fuel  consumption 
of  a  turbojet  engine  on  airspeed  and  altitude  are  called,  respec¬ 
tively,  airspeed  characteristics  and  altitude  characteristics  or, 
combined,  flight  characteristics  or  a  1 1 1 1 ude-al rspeed  characteristics. 

The  primary  characteristics  of  a  turbojet  engine  are  established 
either  by  means  of  testing  the  engine  on  special  teat  stands  or  in 
special  aircraft  or  airborne  laboratories,  or  they  are  obtained 
with  more  or  less  accuracy  on  the  basis  of  calculations. 

The  profile  of  the  primary  characteristics  of  a  turbojet  engine, 
or  the  rite  of  change  of  its  thrust  and  specific  fuel  consumption 
with  changing  airspeed  and  altitude  as  well  as  rpm,  depends  strongly 
on  the  control  schedule  selected  for  the  engine. 

The  control  schedule  is  defined  as  the  rules  for  varying  the 
primary  parameters  or  control  parameters  of  an  engine  (such  as  n, 

T*,  and  others)  that  determine  its  thrust  and  specific  fuel  con- 
sumpti on. 

It  is  obvious  that  the  control  schedule  must  ensure  the  most 
advantageous  and  reliable  utilization  of  the  engine  during  flight. 

Consequently,  In  order  to  consider  the  characteristics  of  turbo¬ 
jet  engines  it  is  first  of  all  necessary  to  examine  the  basic  problems 
associated  with  their  control  schedules. 

2 .  Concept  of  the  Control  Schedules  of  Turbojet  Engines 

The  primary  tasks  of  turbojet  engine  control  are! 

to  provide  the  maximum  possible  thrust  at  all  required  air¬ 
speeds  and  altitudes  (take-off,  climbing,  acceleration,  maximum 
airspeed,  maximum  possible  altitude); 

to  ensure  a  minimum  possible  fuel  consumption  during  flight 
under  reduced  thrust  regimes  (maximum  range  or  maximum  endurance 
flight ) | 

to  protect  the  engine  against  dangerous  or  instable  regimes 

or.  In  other  words,  against  exceeding  n  and  T*  ,  against 

max  z  max 

surging,  against  Instable  fuel  consumption,  and  other  conditions. 
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Under  otherwise  equal  conditions  the  aaslaua  thrust  of  s  given 
turbojet  engine  Is  obtained  at  ae-iaua  rpa  (nsslnuoi  sir  flourste) 
and  at  the  os  I  to  us  acceptable  gaa  teaperature  in  front  of  tha  tur¬ 
bine.  Therefore,  in  order  to  ensure  aaalaua  possible  thrust,  It  Is 
nee oesery  to  aolntaln  the  aaslaua  rpa  of  the  engine  an.'  the  aaslaua 
gae  teaperature  In  front  of  the  turbine  that  Is  acceptable  for  It 
■her  there  le  a  change  In  airspeed  and  altitude  or,  In  other  vords, 
to  sccoaplleh  a  control  schedule  correspond!^  to 


it  t  c  ub.  /  ’  t  nr 


( i) 


Two  governors  are  required  to  accomplish  the  control  schedule 
of  a  turbojet  eng ine l  a  governor  acting  on  the  engine  rpa  ty  aeana 
of  varying  the  fuel  input  into  the  coabuetlon  chaabers  (rpa  governor) 
and  a  governor  acting  on  tha  alnlaua  flea  area  of  the  Jet  nossle 
(noaale  governor). 

As  a  rule,  aodern  turbojet  anginas  have  a  supercritical  pres¬ 
sure  drop  In  the  Jet  nosale  during  stationary  operation  on  the 
ground,  not  only  at  aaslaua  rpa  but  frequently  also  at  a  lover  rpa. 

A  eubcrittcal  pressure  drop  in  the  Jet  nasals  of  a  turbojet  ei«lne 
at  asslaus  rpa  In  static  operation  on  tha  ground  Is  obtained  only 
If  tha  designed  coepreeatun  ratio  te»{  dee**5'*  ,nd  ir  TJ  ews  <  'OJO°K. 
But  In  that  case  a  supercritical  pressure  drop  In  the  Jet  nossle 

■  ill  set  In  after  only  a  snail  increase  in  airspeed  and  altitude, 
or  at  a  Macn  nuaber  sf  1^  A  O.BO  to  0.  JO. 

Moreover,  as  shown  in  the  preceding  chapter,  the  condition 
l-li/rj  e  const  is  satisfied  for  supercritical  pressure  drops  In  the 
Jet  nossle.  Therefore,  If  the  fuel  flee  gevernor  ensures  a  constant 
rpa  «hen  there  Is  a  change  l.i  airspeed  and  altitude,  and  If  the  coa- 
pressor  «orli  1^  does  net  depend  on  the  teaperature  TJ  of  the  air 
entering  the  coapreseor,  so  that  ■  const,  the  condition  T»  • 

■  const  will  bs  satisfied  at  the  sane  lias. 

Consequently,  In  the  parttculsr  csss  where  there  le  a  super¬ 
critical  pressure  drop  In  the  Jet  nossls  and  ■  const,  the  control 

schedule  o - •  const  and  TJ  m9M  •  const  will  be  ensured  by  only 

one  fuel  flow  governor. 

However,  If  the  coapreseor  worh  ^  at  n  •  const  depends  on 
tha  teaperature  T^  of  the  air  entering  the  coapreseor  (see  figure 
IJ4)  and,  conasquently,  alee  on  the  airspeed  end  altitude,  the  Jet 
notale  area  T#  auet  be  changed  In  order  to  beep  both  n  ■  const  and 
TJ  ■  const  whan  there  Is  a  change  In  airspeed  end  altitude,  even 
If  there  Is  a  supercritical  pressure  drop  In  the  Jet  nossle. 

In  fact.  If  the  coapreseor  worn  decresses  with  tncreaetim 
airspeed  or  with  decreasing  altitude  (In  other  words,  with  in- 
enttlni  T||)  at  n  ■  const,  and  if  ■  const,  even  the  teaperature 
TJ  In  front  of  the  turbine  aust  be  reduced,  eccordli*  to  formula 
(lO.j),  in  order  to  aalnta'n  n  ■  const,  which  ns  loiter  satisfies 
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«h.  cowmen  for  obt.lnln*  -ail—  throat  .  Cenaoqo.nl lr.  in  that 
*li*  J»l  noaalo  area  f#  au.t  b.  reduced  in  order  t*  HCHpIlih 

"•at  *  co"*'  T!  mat  *  *8"**  •«I»*8«U.  .r.  In  >m.r  ..mi,  Ih. 

turtln.  eork  •».•  b.  reducad  (in  accordanc.  .,lh  rwtu).t,.n 

of  1^).  nsl  by  redoc  In*  Ih*  laeparatura  TJ  In  front  ef  th*  t urblno 
but  by  riiliKini  I  bn  «aa  iiyiMlm  rail*  in  tha  turbine, 

Con.ar.aly.  if  the  coap.a.i.r  *ork  1^  Incroaaaa  (elth  Incraa.  - 
riJ*  undtr  th0  «*»8l*»*n*  indicated  aba..,  tha  temperature  T» 

In  from  of  tha  lurblno  soot  bo  Incroaaod.  accord  In*  lo  for— la* 
(.0.1),  In  ord.r  to  -aim, In  n  .  c.n.i  if  r#  .  con.-..  I.  I.  abvloo. 
lhai  I  ha  Jal  noaalo  araa  -oat  ba  Incroa.od  In  order  I*  pro. ant 
thia  incraa. a  of  TJ  and  Ihua  lo  acco-pllah  n  o  canal  and  T«  . 
a  conat  acbadula.  undar  lhaaa  clrcunet  ancea .  Ot ho rule*  lha  t— — ?a. 
»ur#  f*  cmn  Ih*  •ccaplthU  Mcnllud*. 

thua.  lo  accoayl  lab  control  .chodulo.  at  H,|M  ihruat.  or  at 
"-a.  *  con*‘  T:  turbojet  an*lno.  .ith  ailal.flo* 

co-proa. ora  In  lha  -ajorlly  of  ca.oa  require  I  ho  uao  of  a  jal  noaalo 
.lib  varlabla  -mi-.-  cro.a-.acllon  araa.  Thia  noaala  -oal  bo  *ln- 
finitaly  variable*  In  ardor  lo  -alntaln  lha  n^(  and  T«  achodotaa 
accuralalyi  in  oibar  «orda,  It.  araa  7#  —at  bo  varied  (radually, 
al.aya  in  acc.rdanc.  .lib  th.  chan*.  In  .trap,  ad  and  a  It  Hod. .  Mav- 
avar,  aucb  a  control  of  th*  jal  aoaal*  araa  *l«nlflc-ntly  ca-plicataa 
th.  anon,  control  ay.l  — .  Naraover,  In  th.  majority  of  ,Urbe. 

J.t  an*  I  no.  .Ith  aai.|.f|o.  ca-pra.aora  ah—  a  ce-perat  Ivaly  a-all 
variation  of  1—p.r.tur.  TJ  In  front  or  th.  turbine  ohon  th.ro  I. 
a  Chan*,  m  airapeod  and  altltodo  at  n  .  conat  and  conatant  jot 
noitU  art*. 

Therefore,  an  Infinitely  variable  Jal  noaalo  la  not  uaoally 
—ployed.  In  certain  raooa,  .her*  thia  la  nocaaaarr,  a  '.tapped* 
j.t  noaalo  control  lauaod.  But  In  the  aajorlty  of  oal  at  In*  turbo. 

Jot  online,  lha  not  noaalo  area  I*  not  controlled  In  accardanca  alth 
air. pood  and  altitude. 

It  full— a  from  tha  fore«atn*  that  the  foil —  In*  central 
•  chadulea  can  ba  acco-pllahod  under  a  filed  Jot  noaalo  areal 


*  -  «-  ’  I.  ’<•>...!  ( 12.2) 

*  a-M  r,  -  (aim! 

( I2.J) 

Tha  f i rat  of  thaaa  (12.2)  la  —ally  uaod  In  eatetliw  turbajat 
•  niin.a,  .Inc.  it  require,  th.  ataplo.t  control  .yat—  (on.  *ovarnor 
react  in*  to  rpo  dvvlattono  and  aclln*  on  the  fuel  fl  — )  and  alnco 
alth  raapact  to  r.aulta,  —  on  In*  th*  available  aaat— a  thruat  of 
th.  turbojet  an* In.,  it  coma  u.u.lly  clo.o  to  achodulo  (l2.l). 
Hovav.r,  in  th.  ca*.  or  achodul*  (12.2)  lha  t— poraturo  TJ  In  front 
of  th.  turbine  can  rt.a  vlth  Incraa. In*  alrapood  or  aabt.nt  I— para- 
Ura  (du*  to  th*  aaaociatod  Incraa**  of  1^),  uhleh  —at  b*  takon 
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into  consideration  by  selecting  the  t«ap«ntun  TJ  for  maximum  rpm 
itindtrd  atmoepheric  conditions  on  tho  ground  at  V  ■  o. 

Tha  aacond  achadula  (I2.J)  i«  »n  difficult  to  accomplish 
alnca  It  requires  tha  uaa  of  a  fual  flow  governor  raactliyi  direct- 
ly  to  tha  |aa  taaparatura  TJ  in  front  of  tha  t urblna,  whlla  the 
taaiparature  field  in  tha  gas  flow  in  frontof  tha  turbine  la  alwaya 
charactarlaad  by  an  appreciable  and  lnconatant  irregularity.  And 
the  varletione  in  tha  rpa  of  a  turbojet  engine  with  changing  air¬ 
speed  and  altitude  that  are  poaslble  under  schedule  (12.J)  lead  to 
*  *r,at,r  degree  of  poor  engine  utilization  with  reopect  to  thrust 
than  the  correeponding  variations  of  tha  taaparatura  In  front  of 
the  turbine  under  schedule  (l2.2). 

The  required  control  schedule  and  the  profile  of  the  charac- 
'•h****1*  •  turbojet  engine  depend  to  a  large  degree  on  the  de¬ 
signed  coapreealon  ratio  n  J  of  the  coapreaaor  and  on  the  design¬ 

ed  air  temperature  Tjj  d#J  at  the  coapreaaor  inlet,  that  is  the 
taaparatura  for  which  the  designed  reglae  of  the  coapreaaor  la 
established. 

As  a  rule  the  designed  reglae  of  a  coapreaaor  la  so  selacted 
that  it  corresponds  to  the  aaxlaua  air  flow  capacity  or  the  compres¬ 
sor  at  the  required  stability  aargln  with  reapact  ton  f  (that  la, 

Jnj>  .  iy  to  17  .  k 

As  we  know,  the  aaxlaua  capacity  of  a  compressor  is  obtained 
at  the  Hatting  acceptable  Nach  nuaber  at  the  coapreaaor  inlet 
or,  in  other  words,  at  that  Nach  nuaber  N^  cr  which  cannot  be  ex¬ 
ceeded  without  • 'using  a  large  drop  in  coapreaaor  efficiency  so 
that  the  a- r  fli  wrate  ie  practically  no  longer  increased  (so-called 
coapreaaor  "choking*).  As  a  rule.  N^  cr  is  located  within  the  range 
fro*  0.6  to  0.?. 

If  tho  air  toaporoturo  TJ  at  tho  cooprtnor  inlot  la  roducod 
below  its  designed  magnitude  Tfl  d#>  at  n  .  const,  the  rpa  parameter 
will  be  increased,  and  the  point  that  determines  the  coapreaaor 
reglae  will  shift  along  the  operating  line  or  the  turbojet  engine 
in  the  direction  above  and  to  the  right  of  the  operating  point  of 
the  coapreaaor.  As  a  resjlt,  the  Nach  nuaber  at  the  compressor 
irlet  b.coaea  greater  than  its  limiting  value  N^  cr  that  corresponds 
to  the  designed  regime,  and  the  compressor  erriciency  la  greatly 
reduced,  while  aaall  values  of"  J  d#<  can  also  result  in  compressor 
surging,  as  we  ehowed  earlier.  Consequently,  the  designed  tempera- 
ture  Tfl  d(>  is  selected  close  to  the  minimum  air  taaparatura  TJj  at 
the  coapreaaor  inlet  that  la  possible  during  engine  operation  in 
the  aircraft. 

In  that  can,  tha  air  taaparatura  TJ  at  tha  comprasaor  Inlat 
will  be  increaeed  in  comparison  to  its  designed  magnitude  Tfl  deg 
with  increasing  airspeed  (or  flight  Nach  number  N„).  If  n  e  const 
la  maintained  during  this  process,  the  Nach  number  M  at  the  com¬ 
pressor  inlet  will  becoae  smaller  than  N^  cr  as  a  result  of  the 
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reduction  in  the  rpm  parameter  and  the  resulting  shift  of  the 

compressor  regime  to  the  left  end  downward  along  the  operating 

line  of  the  turbojet  engine.  The  decrease  in  the  Hach  number  M^ 

in  turn  leads  to  a  reduction  of  compressor  capacityt  so  that  the 

air  flowrate  and t  consequently,  the  thrust  of  the  engine  as  well, 

become  less  than  they  could  be  if  M  ■  const  were  maintained 

a  cr 

(curve  1,1  in  figure  l4o). 

However,  in  turbojet  engines  intended  for  comparatively  alow 
supersonic  airspeeds  the  temperature  TJJ  at  the  compressor  inlet 
will  not  Increase  that  much  with  increasing  airspeed,  so  that  the 
rpm  parameter  and,  accordingly,  the  Mach  number  M  are  reduced  to 
a  relatively  small  degree  at  n  ■  const.  Thus,  for  instance,  if 
the  flight  Mach  number  is  increased  to  as  much  as  1.8  to  2  at 
an  altitude  of  11  km,  the  rpm  parameter  will  be  reduced  by  only 
12  to  14  and  the  Mach  number  Mft  to  about  20  to  25  depending 
on  the  designed  compression  ratio  of  the  compressor.  Therefore, 
using  the  control  schedules  (l2.l)  and  (12.2)  that  ensure  a  constant 
rpm  with  changing  airspeed  and  altitude  at  low  values  of  Tg  de8t 
will  yield  completely  satisfactory  results  for  this  type  of  engine. 

The  temperature  Tj  at  the  compressor  inlet  of  turbojet  engines 
intended  for  fast  supersonic  airspeeds  will  change  within  broad 
limits.  Therefore,  at  maximum  and  close  to  maximum  airspeeds  the 
rpm  parameter  will  be  reduced  significantly  at  n  ■  const  and  for 
a  low  value  of  TJ  resulting  primarily  in  a  large  reduction  of 

M#  and  of  compressor  capacity  (point  1  in  figure  l4o).  This  will 
already  reduce  the  maximum  thrust  value  significantly,  so  that  the 
compressor  flow  areas  must  be  increased  (to  increase  the  air  flow- 
rate)  in  order  to  provide  the  required  thrust  at  fast  supersonic 
airspeeds,  and  consequently,  the  compressor  weight  will  Increase. 


Figure  l40i  Relative  variation  of  the  air  flowrate 
through  a  turbojet  engine  with  changing  flight  Mach 
number  MH  (  1 ,  1  -  n  ■  const;  2,0,1  -  combined  control 
schedule?  3,0,1  -  ■'  _,fl,ns(  J  F#  ■  const). 

Moreover,  if  the  rpm  parameter  of  a  turbojet  engine  with  a 
significant  designed  compression  ratio  *t£  is  greatly  reduced, 

the  stability  margin,  as  we  know,  will  decrease  with  decreasing 
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rpm  and  compressor  .urging  will  develop,  requiring  ep.cial  controls 

in  the  compressor  (for  instance,  with  the  aid  of  pivoting  blade,  in 
■ome  st*£ea). 

One  of  the  possible  means  of  increasing  the  compressor  capacity 
and,  consequently,  of  increasing  the  thrust,  reducing  the  compressor 
weight ,  and  preventing  compressor  surging  at  fast  supersonic  air¬ 
speed,,  is  to  design  the  compressor  for  maximum  capacity  at  maximum 
airspeed,  that  is  at  M,,  (point  3  in  figure  ,4o).  For  this  pur¬ 

pose  the  designed  air  temperature  T»  ^  at  the  compressor  inlet 
must  be  equal  to  the  air  temperature  T*  that  correspond,  to  the 

maximum  flight  Mach  number  M. 

H  max 

However,  in  that  case  it  already  become,  impossible  to  maintain 
the  engine  rpm  constant  with  decreasing  flight  Mach  number  M,  since 
the  rpm  parameter  is  Increased  as  a  result  of  the  reduction  of  inlet 
air  temperature,  and  since  the  Mach  number  Ma  at  the  compreasor  in- 


Compressor 


let  is  increased  and  exceeds  its  limit  valued 

"choking”  and  a  sharp  drop  in  compressor  efficjenly  are“ The^Zult . 
Compressor  surging  i.  possible,  too,  if  nj  ^  is  a  3BIall  value> 

Consequently,  the  engine  must  be  controlled  so  that  the  Mach 
number  Ma  at  the  compressor  inlet  will  not  remain  above  its  limit- 
ing  value  at  less  than  maximum  airspeeds  (curve  3,0,1  in  figure  1*0). 

Tot  this  purpose  the  control  schedule 

y..~  =  co>‘st;  Fr  —  const. 

"  ( 
can  be  used  where  it  also  applies,  of  course,  that  WT*  .  const  so 
that  the  point  which  determines  the  compressor  regime  in  the  field 
of  compressor  characteristics  will  not  shift  with  a  change  in  the 
flight  Mach  number  M„  (i„  the  temperature  Tjj)  or,  in  other  words, 
so  that  it  J  dea  .  const  and  OaVT*/PJ  .  const  are  maintained. 

In  order  to  ensure  this  control  schedule  ( 12 . 4 )  the  engine 
rpm  must  be  reduced  in  proportion  to  Vxjf  with  decreasing  airspeed, 
resulting  in  ,  reduction  of  the  gas  temperature  T*  in  front  of  the 
turbine  that  1,  proportional  to  Tfj .  But  a  reduction  of  rpm  and 

perature  in  front  of  the  turbine  with  an  accompanying  significant 
reduction  in  the  air  flowrate  (curve  3,0,1  in  figure  1*0)  result, 
in  a  sharp  reduction  of  thrust  at  slow  airspeeds  and  particularly 
under  condition,  of  takeoff  and  acceleration  of  the  aircraft,  that 
is  at  the  very  moment  when  a  maximum  of  excess  thrust  is  demanded 
of  the  engine.  This  i,  the  very  considerable  disadvantage  of  de- 
signing  a  compressor  for  maximum  capacity  at  high  supersonic  air¬ 
speed  and  of  the  associated  control  schedule  (,2.4).  The  ,harp  ra_ 
duction  of  thrust  in  this  case  can  be  prevented  to  a  significant 
degree  if  T»  .  const  is  maintained  at  the  same  time  with 
snd  Fa  .  const.  However,  for  this  purpose  it  is  necessary  to  control 

“.I  thB  tUrbine  n°“le  *Saerably-  FMA>  which  associated 
with  significant  design  complications. 
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For  these  reasons  n  combined  control  schedule  is  more  advan¬ 
tageous  from  the  point  of  turbojet  engines  intended  for  fast  super* 
sonic  airspeeds,  a  schedule  representing  a  combination  of  schedule 
(  1 2 •  1  )  or  ( 1 2 . 2  )  with  schedule  (12.4). 

This  type  of  combined  control  schedule  can  be  accomplished  in 
the  case  where  the  Mach  number  Mft  at  the  compressor  inlet  is  lower 

at  maximum  airspeed  (at  R,  )  than  its  limiting  value  M  (point 

n  max  a  cr 

2  in  figure  l4o).  For  this  purpose  the  designed  air  temperature 
T*  doa  at  the  compressor  inlet  is  selected  lower  than  the  air  tempera¬ 
ture  T*  obtained  at  Mu  ,  but  at  the  same  time  greater  than  the 
n  n  max 

minimum  temperature  Tg  that  is  possible  under  operational  conditions. 

This  will  make  it  possible  to  accomplish,  initially,  the  con¬ 
trol  schedule  (  1 2 •  1 )  or  (12.2)  at  decreasing  flight  Mach  number  Mjj 
or,  in  other  words,  to  maintain  the  rpm  constant  until  the  Mach 

number  M  at  the  compressor  inlet  reaches  its  limiting  value  M 

a  a  cr 

as  a  result  of  the  reduction  in  air  temperature  from  to 

T*  (point  O  in  figure  140).  Subsequently,  as  the  flight  Mach 

number  M„  continues  to  increase,  the  i/Tv  1=001151  and  P  ■  const  con- 

H  v  i  n  e 

trol  schedule  sets  in  already,  and  the  limiting  Mach  number  M&  cr 
that  is  reached  at  the  compressor  inlet  is  kept  constant. 

It  is  readily  noted  that  with  the  transition  from  control 
schedule  (l2.*»)  to  this  combined  schedule  the  compressor  capacity 
and,  consequently,  the  thrust  of  the  turbojet  engine  as  well,  are 
reduced  at  maximum  airspeed  and  under  otherwise  equal  conditions, 
but  on  the  other  hand  the  thrust  can  be  Increased  considerably 
during  take-off  and  at  slow  airspeeds. 

Under  reduced  thrust  regimes  or  throttled  regimes  the  primary 
task  of  the  controls  of  a  turbojet  engine  is  to  ensure  maximum 
economy  or,  in  other  words,  a  minimum  of  specific  fuel  consumption. 

Under  given  environmental  conditions  the  thrust  of  an  exist¬ 
ing  turbojet  engine  can  be  reduced  by  different  means,  for  instance 
by  reducing  the  rpm  at  constant  Jet  nozzle  area,  by  reducing  the 
gas  temperature  in  front  of  the  turbine  at  n  ■  const,  by  reducing 
the  rpm  at  T*  ■  const,  and  by  other  means. 

Ve  know  that  each  combination  of  compression  ratio  and  ef¬ 
ficiency  of  a  compressor  corresponds  to  an  optimum  gas  temperature 
in  front  of  the  turbine  of  a  turbojet  engine,  a  temperature  where 
a  minimum  of  specific  fuel  consumption  is  obtained. 

But  at  the  maximum  rpm  of  a  turbojet  engine  the  temperature 
in  front  of  the  turbine  is  not  established  at  the  optimum  level 
from  the  point  of  minimum  specific  fuel  consumption,  but  at  a 
higher,  limiting  acceptable  level  for  the  turbine.  This  Is  done 
in  order  to  obtain  the  maximum  possible  specific  thrust  that  is 
required  to  reduce  the  specific  weight  and  drag  area  of  the  engine. 
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Reducing  th.  thrust  of  .  turboj.t  .ngin.  by  m.ans  of  r.ducing 
it.  rpm  st  P,  .  const  will  lead  to  .  rapid  drop  In  co»pr...ion 
ratio  a.  wall  a,  to  a  con.ider.bl.  drop  in  compr.s.or  offici.ncy, 
if  th.  ds signed  compr.a.ion  ratio  is  significant.  At  th.  ....  tims, 
for  each  n.w,  reduc.d  squilibrium  rpm  th.  ...oci.t.d  t.mp.r.tur. 
in  front  of  th.  turbin.  will  b.  TJ  <  TJ  a.tabli.hing  th. 

.quality  If  •  1^  tf  turbin.  work  and  compr.s.or  work.  Th.  magnltud. 
of  this  tempsratur.  will  not  alw.y,  corr.spond  to  it.  optimum  v.lu. 
for  giv.n  valu.s  of  njj  .»d  ^  from  th.  point  of  aiMmm  8p.eiflc 

fu.l  consumption.  Th.r.for.,  controlling  th.  magnitud.  of  th.  thrust 
of  a  turboj.t  engin.  by  m.ans  of  changing  th.  rpm  (th.  fu.l  flow  at 

F«  “  COn8t)  18  not  be,t  from  th.  point  of  .conomy,  although 

it  1.  wid.ly  used  bec.ua.  of  its  simplicity. 

R.ducing  th.  thrust  of  a  turboj.t  .ngin.  by  m.ans  of  r.ducing 
only  th.  g.s  temperature  in  front  of  th.  turbin.  requires  an  in- 
crease  in  Jet  nozzle  .re.  in  ord.r  to  k.sp  th.  rpm  constant.  Some- 
timea  this  can  achi.v.  ,  b.tt.r  combination  of  t.mp.r.tur.  in  front 
of  th.  turbin.  and  compression  ratio  than  th.  pr.c.dlng  t.chniqu., 
so  that  th.  economy  of  th.  .ngin.  .t  reduc.d  thrust  r.glm.s  i,  ln. 
creased.  How.v.r,  it  must  b.  k.pt  in  mind  that,  if  th.  t..p.ratur. 

TJ  i.  reduced  .ignific.ntly  at  n  .  const,  th.  equilibrium  r.gim.  of 
th.  turboj.t  .ngin.,  shifting  along  the  -cons,.  lln„,  c.„  prov. 

to  b.  located  in  th.  ar.a  of  appr.clably  r.duc.d  valua.  of  compres¬ 
sor  efficiency  and,  in  addition,  it  i.  not  1-po.aibi.  for  th.  tur¬ 
bin.  .fflci.ncy  to  b.  reduced,  too.  Consequently,  where  this  m.ans 
of  reducing  th.  thru.t  i.  used  it  i.  usually  combined  with  th.  pre¬ 
ceding  t.chniqu.  .o  that,  initially,  the  thru.t  is  reduced  by 
of  reducing  TJ  at  n  .  const  (P,  i.  incr.a.sd),  and  sub.equ.ntly  by 
reducing  th.  rpm  at  P^  .  const. 

Also  in  a  number  of  c.s.s  an  incr.as.  of  Jet  nozzle  area  and 
a  reduction  of  rpm  of  «  turboj.t  .ngin.  for  th.  purpose  of  r.ducing 
it.  thru.t  is  advantageously  combin.d  with  a  control  of  th.  compres¬ 
sor  (for  instance,  with  th.  aid  of  pivoting  bl.d.s  in  th.  str.ight.n- 
in«  rig.)  that  pr.v.nt.  th.  con.id.r.bl.  drop  in  compr.s.or  .ffici.ncy 
which  i.  possible  here |  this  t.chniqu.  is  us.d  in  som.  turboj.t 


R.ducing  th.  thru.t  of  a  turboj.t  .ngin.  at  r.duc.d  rpm  and 
TJ  -  const  involve,  a  reduction  of  th.  air  flowrate  and  th.  compr..- 
Sion  ratio  of  th.  compr.s.or.  In  that  c...  th.  Jet  nozzle  area  P 
must  b.  r.duc.d  in  order  to  maintain  TJ  .  const.  But  a,  .  rul„  l 
reduction  in  th.  compr.s.ion  ratio  and  .ffici.ncy  of  the  compressor 
at  TJ  .  const  will  l.ad  to  a  significant  increase  of  specific  fu.l 
consumption.  Mor.ov.r,  if  TJ  -  const,  th.  t.mp.r.tur.  r.gim.  will 
remain  slmost  ..  strained  at  r.duc.d  thru.t  a.  it  is  under  maximum 
thru.t.  Cons.qu.ntly,  a  transition  to  a  reduced  thrust  r.gim.  at 
TJ  •  const  has  no  practical  application. 
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Throttling  Characteristics  of  Turbojet  EmMn». 
Tho  throttll 


jrraim.mmiiu 


the  dop.nd.ncl..  of  thrust  and  .p.clfic  fu.l  consumption  on  rpm 
at  a  given  .lr.p..d  and  altltud..  A.  a  rule,  th.  following  .ngln. 

regin,.,  ar.  r.cord.d  for  th...  charact.ri.tic.  or  mentioned  with 
reference  to  them. 

I.  Th.  maximum  power  regime,  that  i.  th.  maximum  acceptable 
rpm,  nmax>  and  it,  corre.ponding  maximum  thrust  Pm<ix  where  reliable, 
uninterrupted ,  but  temporary  engine  operation  (usually  not  more 
than  5  to  10  min)  i,  guaranteed.  Thl.  regime  1.  u.ed  for  take-off, 
sometime,  for  aircraft  acceleration,  for  reaching  maximum  altitude, 
as  well  as  for  a  temporary  increase  of  airspeed, 

2.  The  rated  power  regime,  that  1.  the  rated  rpm,  n  <  „ 
and  it,  corresponding  rated  thrust  where  a  longer  and  mor^reliab"’ 
engine  operation  (without  interruption  for  a  period  of  not  less  than 
30  min)  is  guaranteed.  When  the  engine  operate,  on  a  teat  .tend, 

”"M  *  (0'96  t0  1 ,0)nmax 1  a,,d  p„om*0-9  p„ax-  This  regime  is  u.ed 
for  extended  climbing  and  for  flight  at  cloe.  to  maximum  airspeed. 

3.  The  cruising  power  regime,  that  is  the  rpm  reduced  to  n  . 

■  0,9  "max  undar  “>»*  stand  conditions  and  it.  corre.ponding  thrust 

cruise  (°*70  to  O.75)  Pmax .  This  regime  guarantees  uninterrupted 
and  reliable  engine  operation  over  its  established  period  of  ser¬ 
vice  (service  life).  This  regime  i,  frequently  called  the  maximum 
cruising  power  regime.  In  addition,  an  even  more  reduced  regime 
is  frequently  recorded,  that  is  th.  rpm  corre.ponding  to  a  thrust 
of  about  (0.5  to  0.6)  Pmaj(  under  test  stand  conditions.  Cruising 
power  regimes  ar.  used  for  flight,  at  great  endurance  or  long  range. 

4.  The  low  throttle  regime  or  low  throttle  rpm,  n  ,  that  is 
the  minimum  rpm  where  the  engine  can  still  operate  at  complete  sta¬ 
bility.  The  engine  thrust  at  low  throttle  rpm  must  not  exceed  3 
to  5  %  of  maximum  thrust  to  ensure  that  the  rolling  distance  of 
the  aircraft  in  a  power  landing  will  not  be  increased.  The  low 
throttle  rpm  of  modern  turbojet  engines  under  ground  (test  stand) 
condition,  amount,  to  (0.2  to  0.4^.  A,  a  rule,  th.  duration 
of  the  uninterrupted  operation  of  a  turbojet  engine  at  a  low  throttle 
regime  is  limited  to  some  degree  because  of  the  reasons  mentioned 
in  tho  preceding  chapter. 

The  specific  fuel  consumptions  established  for  a  given  engine 
and  guaranteed  by  the  manufacturer  are  indicated  for  all  the  regime, 
listed  above  (with  the  exception  of  low  throttle). 

Typical  rpm  characteristics  acquired  on  th.  test  stand  for  one 
of  the  existing  turbojet  engine,  with  r,  .  const  ar.  shown  in  figure 
'1.  It  is  seen  that  engine  thrust  decrease,  rapidly  with  decreas¬ 
ing  rpm,  while  the  specific  fuel  consumption  slightly  decrease,  at 
first  and  subsequently  increase,  rapidly.  Let  consider  the  cause, 
for  these  rpm  profiles  of  the  thrust  and  specific  fu.l  consumption 
of  a  turbojet  engine  with  F  ■ 


const . 
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Figure  l4lt  Throttling  characteristic*  of  a 
turbojet  engine. 

The  compression  ratio,  and  consequently  the  efficiency  of  the 
compreesor  ae  well,  decrease  with  decreasing  rpm  of  a  turbojet  engine. 
Also,  the  gas  temperature  in  front  of  the  turbine  decreases  during 
this  procesa  and  begins  to  rise  only  at  rpm  values  comparatively 
to  idling  rpm.  The  reduction  in  tt£,  f^,  and  temperature  in 
front  of  the  turb  ne  causes  a  reduction  of  gas  exhaust  velocity 
from  the  Jet  nozzle  and,  consequently,  of  specific  thrust,  too  (see 
figure  l42)|  during  this  process  the  specific  thrust  continues  to 
decrease  with  the  transition  to  low  rpm  where  the  temperature  T* 
already  begins  to  increase.  This  is  due  to  the  determinative  ef¬ 
fect  of  the  reduction  in  n  £  (and,  consequently,  also  of  *  ^  n), 
and  r)T  on  specific  thrust. 
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Figure  1<t2l  Dependence  of  the  specific  thrust  of  a 
turbojet  engine  on  rpm. 

Since  the  air  flowrate  through  the  engine  decreases  with  de¬ 
creasing  rpm,  the  thrust  will  drop  at  a  faster  rate  in  this  case 
than  the  specific  thrust.  A  t  %  reduction  in  rpm  under  test  stand 
conditions  will  reduce  the  thrust  of  a  turbojet  engine  by  about 
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3  to  It  %.  As  the  rpm  Is  reducsd  its  effect  on  thrust  becomes  less. 
However,  under  airborne  conditions  the  effect  of  rpm  on  the  magni¬ 
tude  of  turbojet  engine  thrust  becomes  significantly  greater. 

The  nature  of  the  rpm  variation  of  specific  fuel  consumption 

is  determined  by  the  dependence  of  specific  thrust  and  the  excess 

of  air  coefficient  on  rpm,  since  C  ■  1600/al  P 

sp  '  o  ap 

A  reduction  of  specific  thrust  at  reduced  rpm  will  cause  an 
increase  in  specific  fuel  consumption. 

However,  the  temperature  difference  (TJ  -  T*)  and  the  heat  re¬ 
lease  coefficient  §  and,  consequently,  the  excess  of  air  coef¬ 
ficient  l  that  depends  on  these  magnitudes,  will  change  at  varying 
degrees  for  the  same  relative  rpm  reduction  in  different  engines. 
This  is  primarily  due  to  the  differences  in  the  characteristics  of 
the  compressors  and  combustion  chambers  used.  To  illustrate  this, 
figure  142  shows  the  dependence  of  the  difference  (T*  -  T.*)  and 

SB  K 

coefficient  a  on  the  rpm  for  two  engines  with  different  values  of 
designed  compression  ratio.  For  the  same  two  engines,  figure  1 42 
shows  the  rpm  variation  of  P#p  and  the  ratio  l/aPa  that  is  pro¬ 
portional  to  specific  fuel  consumption.  It  is  seen  that,  if  the  ex¬ 
cess  of  air  coefficient  increases  significantly  with  decreasing  rpm, 
the  magnitude  t/ap^  and,  consequently,  C#p  as  well,  in  spite  of  the 
reduction  of  specific  thrust  involved  here  will  first  decrease 
appreciably  and  subsequently  increase,  but  at  a  slower  rate  than 
the  specific  thrust  decreases.  However,  if  the  excess  of  air  co¬ 
efficient  changes  little  with  decreasing  rpm,  the  specific  fuel 
consumption  Cap  will  rise  at  about  the  same  rate  as  the  specific 
thrust  decreases* 


Figure  143*  Determination  of  the  dependence  of 
on  the  rpm  of  a  turbojet  engine. 


C 


sp 


The  rpm  characteristics  of  a  turbojet  engine  with  F@  »  const 
and  with  an  axial-flow  compressor  controlled  by  bypassing  part  of 
the  air  into  the  atmosphere  have  a  slightly  different  profile  than 
the  one  described  above.  These  characteristics  are  shown  in  figure 
144.  It  is  seen  that  the  thrust  of  the  engine  is  reduced  immediately 
and  the  specific  fuel  consumption  increased  at  the  rpm  value  of 
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where  the  bypass  ducts  open  so  that  part  of  the  air  can  be  passed 
from  the  compressor  into  the  atmosphere  •  Xn  this  case  the  reduction 
in  thrust  is  a  direct  result  of  the  reduction  in  the  gas  flowrate 
through  the  turbine  and,  consequently!  through  the  Jet  nozzle  as 
well.  "■  '?P 


Figure  l44t  Throttling  characteristics  of  a  turbojet 
engine  with  air  bypass  from  the  compressor. 

In  spite  of  the  increase  of  the  temperature  T*  in  front  of 
the  turbine  that  is  involved,  the  specific  thrust  (referred  to  the 
air  flowrate  through  the  turbine)  and,  consequently,  the  temperature 
T*  in  front  of  the  Jet  nozzle  as  well,  will  practically  not  change 
since  the  gas  expansion  ratio  in  the  Jet  nozzle  is  reduced  at  the 
same  time  as  a  result  of  the  decrease  in  the  compression  ratio. 

And  the  increase  in  specific  fuel  consumption  when  air  is  being 
bypassed  from  the  compressor  is  due  to  the  increase  in  the  tempera¬ 
ture  in  front  of  the  turbine  and  the  simultaneous  reduction  in  the 
compressor  compression  ratio,  resulting  in  a  reduction  of  the  excess 
of  air  coefficient  a# 

The  profile  of  the  rpm  characteristics  of  a  turbojet  engine 

with  a  triple  step  variation  of  the  Jet  nozzle  area  F#  is  shown 

in  figure  145*  In  this  case  the  thrust  is  initially  reduced  at 

n  *  const  as  a  result  of  a  reduction  of  the  temperature  in  front 
max 

of  the  turbine,  which  is  accomplished  by  Increasing  the  jet  nozzle 
area  over  its  designed  magnitude  F#  that  corresponds  to  maximum 

thrust,  to  <  F#  (jet*  Here  the  specific  fuel  consumption  is 
slightly  reduced  since  a  more  favorable  relationship  between  tempera¬ 
ture  in  front  of  the  turbine  and  compressor  compression  ratio  is  ob¬ 
tained.  As  the  engine  rpm  is  decreased  further  at  ■  conet,  the 
thrust  is  reduced,  too,  and  the  specific  fuel  consumption  drops  a 
little  more  anc  then  rises  rapidly.  At  reduced  rpm  n^  the  jet 
nozzle  area  is  increased  a  second  time  to  F#2  <  F#J,in  order  to 
increase  the  surging  margin.  Consequently,  the  thrust  decreases 
again  because  of  the  reduction  of  the  temperature  in  front  of  the 
turbine  at  n  «  const.  But  in  this  case  the  relationship  between 
temperature  in  front  of  the  turbine  and  cosipreesor  compression  ratio 
becomes  less  favorable,  and  the  specific  fuel  consumption  increases. 
Subsequently,  a  further  reduction  of  thrust  and  the  transition  to 
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the  low  throttle  regime  le  accompll.h.d  by  reducing  the  rpm  et 

Fe2  *  con«*.  »nd  In  that  part  the  rpm  charncterletlc  hte  the  pro 
file  described  above. 


Figure  1^5* 
engine  with 


Throttling  characteristics  of  a  turbojet 
triple-step  variation  of  the  Jet  noaale  area 


&irTPtfd  aoterlatlca  of  Turbo  let  Inaln.. 

The  amttottrna  °f «  turboi.t  .n.m.  are  defined 

aa  the  depend.nclee  of  thruet  and  ep.cific  fuel  coneumptlon  on  the 
elrepeed  (flight  Mach  number  *„)  at  a  given  altitude  and  for  the 
control  achedule  selected  for  the  engine. 

Typical  elrepeed  charncterletlc.  of  a  turbojet  engine  with  an 
n  .  conat  and  TJ  .  con.t  control  eeh.dule  are  ehown  for  different 
altitude.  In  figure  146,  where  the  value,  for  the  thruet,  P0,  and 
the  specific  fuel  consumption,  C,p  obtained  during  et.tlc  engine 
operation  on  the  ground  (V  .  o),  are  assumed  to  be  equal  to  one. 


figure  1 46 1  Airspeed  characteristic,  of  a  turbojet 
engine  for  n  •  conat  and  TJ  a  conat. 
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Xt  is  aaan  from  flgura  1*6  that,  If  tha  airapaad  It  incrcmad 
•t  n  •  conat  and  TJ  ■  conat  and  at  a  f«van  altltudv,  tha  thruat  of 
tha  turbojat  angina  at  firat  dacraaao  ati|hMv,  auhsaquant  1  y  In* 
craaaaa,  and  aftar  roach l ng  a  cartaln  maxlaiaa  dacraaaaa  a^aln,  down 
to  a  valua  of  saro.  Tha  apaclflc  fual  conauaptlon  Incraaaaa  con* 
tinuo*jaly  with  lncraaaln^  airapaad. 

This  natura  of  tha  dapandanco  of  thruat  on  airapaad  la  du<>  to 
tha  following  cautaa. 

Tha  valoclty  haad  coapraailon  ratio  Incraaaaa  with  tncraaalng 
flight  Mach  nuabar  At  tha  iaa«  tlaa  tha  coaipraaaor  c oaipra o a  1  oi« 

ratio  dacraaaaa  aa  a  raault  of  tha  tncraaea  in  tha  air  taoparatura 
Tg  at  tha  coaipraaaor  lnlat  and  bocauaa  n  •  conn  ,  But  tha  affact 
of  tha  valoclty  haad  coapraaalon  ratio  la  alwaya  pradoatnant  In  thla 
caaa,  ao  that  tha  ovarall  coaipraaalon  ratio  "J  Incraaaaa  with  ln- 
craaalnf  Mach  maabar  M^  (airapaad).  Aa  a  raault,  tha  air  praaaura 
pj  bahind  tha  coaipraaaor  and,  conaaquant  ly ,  tha  gaa  praaaura  pj  In 
front  of  tha  turblna  and  p£  at  tha  turbina  outlat  ara  lncraaaad. 

An  lncraaaa  of  tha  praaaura  pj  in  front  of  tha  turblna  at 
TJ  ■  conat  will  raault  in  an  lncraaaa  of  tha  air  flowrata  through 
tha  angina.  At  tha  aaaa  tlaia  tha  jraa  axpanaion  ratio  In  tha  Jat 
nozxla  will  lncraaaa  aa  a  raault  of  tha  lncraaaa  In  praaaura  bahind 
tha  turblna,  ao  that  tha  gaa  axhauat  valoclty  froai  tha  Jat  nossla 
la  lncraaaad  (in  tha  caaa  of  a  convarglng  nosala,  up  to  tha  aoaant 
whan  a  critical  praaaura  drop  la  aatabllahad  in  tha  nosala).  how* 
avar,  aa  it  can  ba  aaan  froai  figure  1*7,  tha  gas  axhauat  valoclty 
c#  f roa  tha  Jat  nossla  Incraaaaa  at  a  alowar  rata  lhaj  tha  airapaad, 
ao  that  tha  valoclty  dlffaranca  and,  conaaquant ly,  tha  apaclflc 
thruat  that  la  proportional  to  thla  dlffaranca,  dacraaaa  with  1  n- 
craaalng  airapaad. 


*.rr« 


Flgura  1*7l  Dapandanco  of  tha  gai  axhauat  valoclty 
from  tha  Jat  nossla  of  a  turbojat  angina  on  tha  air¬ 
apaad  . 

Tha  taaparatura  at  tha  coaipraaaor  outlat  Incraaaaa  with  In- 
craaaing  airapaad  at  n  ■  conat  (dua  to  tha  lncraaaa  In  Tg),  whila 
TJ  •  conat,  au  that  tha  taaparatura  dlffaranca  (TJ  -  Tg)  and,  ac¬ 
cordingly,  tha  quantity  of  haat  addad  to  ona  kg  of  air  In  tha  ai*ina, 
ara  raducad.  Thla  la  alao  tha  cauaa  for  tha  dacraaaa  of  apaclflc 
thruat  whan  tha  airapaad  Incraaaaa.  At  high  airapaad  tha  tomparatura 
dlffaranca  (TJ  -  Tg)  and  tha  quantity  of  haat  Input  that  la  datanainad 
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by  It  can  becooe  .0  ••nil  that  thta  haat  .lit  ba  eufflcl.nt  only 
to  covar  tha  loaaaa  In  tha  engine,  and  In  that  caaa  tha  apactflc 
throat  bacoaaa  aqua l  to  aaro.  It  la  obvloua  that  tha  atrapaad 
ohara  tha  apaclflc  thruat  and,  conaaquant ly ,  tha  thruat  of  tha 
and  1  no  becooa  aqual  to  aaro,  oill  lncraaaa  with  tncraa.lnii  gaa 
tanparatura  In  front  of  tha  turbtna:  undor  otharolaa  aqual  condl- 

t Ion*  a 

Thoa,  If  tha  taaparatura  In  front  of  tha  turbtna  raaalna 
conatant  at  lncraaatn g  atrapaad,  tha  oatcht  floorata  of  air  through 
tha  angina  >111  lncraaaa,  uhlla  tha  apaclflc  thruat  will  dacraaaa 
(aaa  flgura  U8). 


Figure  tMt  Relative  variation  of  tha  apaclflc 
thruat  and  air  floorata  of  a  turbojat  angina  olth 
changing  atrapaad. 

In  tha  bagknnlng,  aa  tha  atrapaad  Incraaaaa,  tha  air  floo¬ 
rata  otll  lncraaaa  at  a  alovar  rata  than  tha  apaclflc  thruat  de- 
craaaaa,  and  tha  thruat  of  tha  angina  otll  ba  raducad.  Subeequent- 
ly,  tha  lncraaaa  In  tha  air  rioorata  bagtna  to  prodoalnata  ooar  tha 
radoctlon  In  apaclflc  thruat,  and  tha  thruat  of  tha  angina  util  In- 
craaaa.  finally,  ohan  thara  la  a  vary  groat  lncraaaa  In  atrapaad, 
tha  apaclflc  thruat  la  raducad  ao  algnlflcant ly  that  thla  reduction 
la  no  longar  coapanaatad  by  tha  additional  lncraaaa  of  tha  air 
floorata,  and  tha  thruat  of  tha  angina  baglna  to  dacraaaa  rapidly. 

In  ordar  to  aaplnln  tha  cauaaa  for  tha  lncraaaa  of  apaclflc 
fual  conauopt ion  olth  tncraaalng  atrapaad  oa  can  uaa  tha  knoon  •<- 
praaalon  C#|>  .  3600/31^^  ,  froat  ohlch  It  follooa  that  tha  apacl- 
fle  fual  conauopt Ion  auat  change  Invereely  proportional  to  tha  pro- 
duct  i t 

•P 

Since  tha  taaparatura  dlffaranca  (T;  -  Tj)  dacraaaaa  olth  In- 
craaalng  atrapaad,  the  aacaaa  of  air  coefficient  1  will  lncraaaa. 
But  alnca  tha  dacraaaa  of  epecirtc  thruat  la  aora  algnlflcant,  th. 
product  nfej(  otll  conttnua  to  dacraaaa  In  apita  of  tha  lncraaaa  In 
1  figure  Ik9),  ohlch  alao  laada  to  tha  conttnuoua  lncraaia  of 

apaclflc  fual  conauopt ton  oant toned  above. 
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Figure  l49i  Rulativ*  variation  of  t  and  P 

with  changing  airspeed.  aP 

Th.  total  foal  consumption  par  hour,  Gfuel,  must  also  Incrsas. 
with  increasing  airspeed,  alnca  the  sir  flowrate  through  the  engine 
lncraa...  so  that  th.  fu.l  flow  into  the  combustion  chambers  must 
ba  increased  In  order  to  heat  it  to  the  required  temperature  T*. 

At  the  same  time,  when  the  airspeed  Is  Increased  the  required  fuel 
consumption  Gfu#1  will  Increase  at  a  slower  rate  than  the  air  flow¬ 
rate  am  through  th.  engine,  since  the  excess  of  air  coefficient  a 

increases  during  this  process,  and  G-  ,  «  G  /cl  . 

fuel  a'  o* 

Consequently,  the  specific  fuel  consumption  will  actually  in¬ 
crease  with  increasing  airspeed  because  the  fuel  consumption  per 
hour  Increases  while  the  thrust  of  the  engine  Is  decreased  during 
this  process,  end  If  It  does  increase  It  will  rise  at  a  lesser  rate 
than  Cfu>l  (due  to  the  reduction  of  P  ). 

However,  It  must  b.  taken  into  consideration  that  an  Increase 
of  specific  fu.l  consumption  with  increasing  airspeed  does  not  at 
all  Indicate  a  simultaneous  deterioration  or  heat  utilization  tn 
ths  ongins . 

From  the  point  of  effective  utilization  of  the  consumed  heat 
the  economy  of  a  turbojet  engine  In  flight  Is  determined,  as  we 
shoved  earlier,  by  the  value  of  economic  efficiency  r>  which  Is 
equal  to  th.  product  of  effective  efficiency  r?#  and  propulsive  ef¬ 
ficiency  r  ,  that  is  the  relative  magnitude  of  that  port  of  the 
consumed  t  that  is  converted  Into  external  work  performed  by 
the  thrust  ''ores. 

The  dependence  of  economic  efficiency  -'econ  and,  separately, 
of  and  np  on  the  airspeed  at  TJ  .  1Z00°K  .  const,  is  shown  In 
figure  150.  It  is  .sen  that  these  efficiencies  and,  consequently, 
th.  economy  or  a  turbojet  engine,  increase  with  increasing  airspeed 
and  begin  to  decrease  only  after  a  very  high  airspeed  Is  reached 
(the  propulsive  efficiency  decreases  continuously). 


rn 

r 

L >n 

1  '  1 

- 

"'i  ; 

JJ 

—  1— «Lj 

.  ■:>  ■>  nV  Stiff  ym/a 

Figure  1501  Dependence  of  the  efficiencies  of  a 
turbojet  eiigine  on  the  airspeed. 
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The  increase  and  subsequent  decrease  of  effective  efficiency 
with  increasing  airspeed  that  is  noted  in  figure  150,  is  due  to 
the  following  causes. 

The  pressure  in  front  of  the  turbine  increases  with  increasing 
airspeed,  so  that  the  overall  expansion  ratio  of  the  combustion  pro¬ 
duct,  in  the  engine  after  yielding  their  heat  is  increased.  This 
contributes  toward  Improved  heat  utilization  in  the  engine  and 
consequently,  toward  an  increase  of  1  . 

On  the  other  hand,  since  the  quantity  of  heat  added  to  one  kg 
of  air  decrease,  with  increasing  airspeed  at  TJ  .  const,  due  to 
the  reduction  of  the  difference  (TJ  -  Tj).  the  relative  portion 
of  this  heat  that  is  used  to  cover  the  losses  in  the  engine  will 
increase,  which  contribute,  to  a  reduction  of  u  . 

In  the  beginning  the  first  cause  will  play\he  decisive  role, 
and  the  effective  efficiency  will  increase  with  increasing  airspeed. 
Subsequently,  when  the  airspeed  become,  very  significant,  the  re¬ 
duction  of  the  heat  input  will  have  the  predominant  effect,  and  n 
will  dec  rease .  e 

The  increase  of  propulsive  efficiency  with  increasing  airspeed 
1,  due  to  the  fact  that  the  exhaust  velocity  c  increase,  at  a 
Slower  rate  than  the  airspeed,  that  is  the  ratio  cg/V  i,  reduced 
and,  therefore,  the  unconsumed  kinetic  energy  of  the  flow  (c  -v)2/2e 
is  reduced.  e  '  ' 

If  the  airspeed  is  increased  at  a  given  altitude,  the  velocity 

HV  /2e  °r  the  alr  fl01-  faring  the  engine  will  increase,  so 
that  the  pressure  and  density  of  the  air  Inside  the  engine  will 
increase  at  n  .  const.  Therefore,  the  mechanical  load,  on  the 
compressor  and  turbine  blade,  and  on  the  casing,  of  all  engine 
element,  will  increase.  Moreover,  as  a  result  of  the  increase  in 
the  weight  flowrate  of  air  through  the  engine  the  turbine  power  and 
the  compressor  capacity,  and  at  n  .  const  also  the  shaft  torque. 

Will  increase.  Consequently,  the  maximum  limiting  airspeed  up  to 
Which  reliable  utilization  of  a  turbojet  engine  from  the  point  of 
Strength  is  possible  at  n  .  const  for  a  given  altitude,  is  limited 
y  the  magnitude  of  velocity  head  YHV2/2g  that  is  acceptable  in 
this  respect.  It  is  obvious  that  the  acceptable  airspeed,  limited 

by  the  strength  of  the  engine  parts,  will  . . .  increasing 

altitude.  To  exceed  the  limiting  airspeed  for  a  given  turbojet 
engine  is  possible  only  at  a  corresponding  reduction  of  rpm  (and 
consequently,  of  -  and..),  ensuring  the  necessary  strength  margin, 
for  the  engine  parts.  But  in  that  case  the  thrust  of  a  turbojet 
engine  will  decrease  sharply,  and  the  specific  fuel  consumption 
will  increase.  As  an  exmaple,  in  figure  146  these  limiting  air¬ 
speed,  are  indicated  by  dotted  lines  on  whose  right-hand  Sid. 
those  parts  of  the  characteristic,  of  a  turboj.t  .ngin.  at  n  .  const 
are  located  that  can  practically  not  be  utilized  b.caus.  of  an 
inacceptable  Increase  of  mechanical  str.s.es  in  engine  parts. 
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figure  1511 


,  .  „  three  contm  .c*^^ 

*  const  and  T*  m  const}  2  -  n/\fr+ 
re  -  conet,  3  -  combined  schedule.  /V  »  *  and 

rh.  prom,  or  the  eirep.ed  characteristics  of  .  turbo, et 
engine  with  an  i?'*  “const  rt  _  *  turbojet 

in  figure  ,5,  (£"„  .  „  £  \'n  ^  “  -own 

;:r:rrM::r:::::xat  a  :7s7:;i::'n  :z::: 

M  )•  As  we  air  Preaaor  haa  a  maximum  capacity  (that  ia 

th.fatt;i::t;.:h;hnatfTh.n  :P:z:i  rr°anfo" 

th.tr  maximum  v.iu.a  oniy  at  maximum  airspeed  Tor  c  T  ”* 
airepeea  characteristics  of  a  turbojet  engine  with  a!  17"  IV" 

oo^.:  ;rjet r~  -  - 

Oarig„e;;  t  tor.  ,  J 

pared  here  refelto”  ,  characteristic.  that  are  com- 

identl  onginea  having,  at  maximum  airspeed  (M  .  ,  g) 

Identical  magnitudes  of  thrust  ,  '  H  *  2-8>- 

T*  -  1  200°K  ’  tBmperatur«  in  front  of  the  turbine, 

x  des  ’.20°  K.,  and  compression  ratio,"  .  .  l  . 

that  the  fT^r  “const  _nH  k  des  It  is  seen 

to  the  very  significant  V  CO"St  ,ChedUla  >«=*«“* 

y  significant  reduction  in  thrust  .t  «ixw 

::  :h:0„b:r? of  this  — •  --- -  ir 

schedule  yi.ld.\n  int.^edml^lulTi^hT 


5‘  A^ltUj*  Ch-arterl.t,c.  or  Turbojet  g . 

The  altltud«  oharact wrjgt , r.  of  a  turbo,. f 

«»  ‘he  dependencies  of  thrust  and - TT  '*  ~  *r*  dafin®d 

altitude  at  a  given  air  1.7  7  r  ”  '  ^  <=°n»omption  on  the 

for  the  engine  ^  C0"trO1  1-  -"looted 
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Typical  altitude  characteristics  of  a  turbojet  engine  with 
T;  de,  -  '•20°  K  nnd  n  kde,  -  7  (at  M,,  .  o)  and  with  an  n  .  const 
nnd  Tz  max  “  con,t  control  schedule  are  presented  for  different 
airspeeds  In  figure  152.  The  value,  of  thrust  and  specific  fuel 
consumption  obtained  under  ground  condition,  (h  .  0  and  V  .  o)  are 
ftsiumod  to  be  equal  to  one. 

It  is  seen  that  the  engine  thrust  decreases  continuously  with 
increasing  altitude  at  V  .  const.  This  ic  due  to  the  reduction  in 
the  weight  flowrate  of  air  through  the  engine  a,  a  result  of  the 
decrease  In  the  density  of  atmospheric  air  with  increasing  altitude. 


I 


"  *  a  ;J 7 


Figure  1 52 «  Altitude  characteristics  of  a  turbojet 
engine . 

Hut  the  ambient  air  temperature  T^  decrease,  with  increasing 
altitude  up  to  11  km,  resulting  in  an  Increase  of  both,  velocity 
head  compression  ratio  and  compressor  compression  ratio  at  n  - 
*  const  and  V  .  const  and,  consequently,  in  an  increase  of  the 
overall  compression  ratio.  Therefore,  when  the  altitude  is  in. 
creased,  the  pressure  p>  in  front  of  the  turbine  and  the  pressure 
P2  behind  the  turbine  are  reduced  at  a  slower  rate  than  the  pres¬ 
sure  P|1  or  the  atmospheric  air,  so  that  the  weight  flowrate  of  air 
through  the  engine  at  T*  .  const  is  also  reduced  at  a  slower  rate 
than  the  ambient  air  pressure. 

Moreover,  since  the  ambient  air  temperature  decreases  with 
increasing  altitude,  the  temperature  at  the  compressor  outlet  de¬ 
creases  accordingly  „t  V  .  const  and  n  .  const,  and  the  temperature 
difference  <TJ  -  Tj)  Increases  at  T*  .  const,  that  is  the  quantity 
of  heat  added  to  one  kg  of  air  in  the  combustion  chamber,  increases. 
As  a  result,  and  also  due  to  the  Increase  in  the  overall  compression 
ratio,  the  effective  efficiency  of  the  engine  is  increased.  The 
increase  of  effective  efficiency  and  of  the  quantity  of  heat  input 
m  the  engine  In  turn  causes  an  increase  in  the  gas  exhaust  velocity 
from  the  Jet  nozzle  (the  pressure  behind  the  turbine,  p.t  decreases 
at  a  slower  rate  than  the  atmospheric  pressure  p  and  c  in_ 
creases),  resulting  in  an  increase  of  specific  thrust  w 
altitude  «t  V  * 


c  onst . 
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As  s  result  of  these  causes  the  engine  thrust  decreases  at  a 
slower  rate  than  the  density  of  the  ambient  air,  up  to  an  altitude 
of  11  km . 

Atmospheric  air  temperature  does  not  change  at  altitudes  above 
"  km |  therefore,  the  overall  compression  ratio  and  the  specific 
thrust  remain  constant  under  the  control  schedule  under  considera¬ 
tion,  and  the  engine  thrust  varies  proportionally  to  the  density  of 
the  ambient  air. 

The  specific  fuel  consumption  decreases  up  to  an  altitude  of 
11  km.  This  is  duo  to  the  Increase  in  specific  thrust.  But  at 
the  same  time  the  excess  of  air  coefficient  is  reduced  (see  figure 
153)  as  a  result  of  the  increase  in  the  temperature  difference 
(TJ  -  Tg).  Therefore,  up  to  an  altitude  of  1 1  km  the  specific  fuel 
consumption  decreases  at  a  lesser  rate  than  the  specific  thrust 
Increases . 


At  altitudes  above  11  km  the  specific  fuel 
constant  so  that  at  these  altitudes  not  only  P 
the  temperature  difference  (TJ  -  T*)  will  remain 
consequently,  a  -  const,  too. 


consumption  remains 
■  const  but  also 
constant,  and, 


'n.TJm/fcei 

; 

Pfi 

j  J  \  s 

i  1 

*JJ 

_ 

TJ 

pigure  1531  Relative  variation  of  the  excess 
of  air  coefficient  a  and  of  P  with  changing 
altitude.  8p 


Figure  154  shows  the  dependencies  of  the  engine  efficiencies 
^econ'  “nd  ’’p  on  altitude  at  constant  airspeed  and  for  the  same 

initial  data  used  for  the  graph  in  figure  152, 

It  is  seen  that  the  effective  efficiency  increases  significantly 
with  increasing  altitude  up  to  11  km,  because  of  the  reasons  mentioned 
above.  The  propulsive  efficiency  decreases  during  this  process. 

This  is  due  to  the  fact  that  the  gas  exhaust  velocity  from  the  Jet 
nozzle  increases,  as  we  explained  above,  while  V  „  const  and,  conse¬ 
quently,  the  velocity  ratio  cg/V  is  increased,  that  is  the  remaining 
unconsumed  kinetic  energy  in  the  flow,  <ce  -  V)V2g,  is  increased, 
again  resulting  in  a  reduction  of  rj  , 

However,  in  this  case  the  reduction  of  propulsive  efficiency 
is  more  than  compensated  by  an  increase  of  effective  efficiency,  and 
the  economic  efficiency  will  increase,  as  seen  from  figure  154. 

Thus,  under  otherwise  equal  conditions  the  economy  of  a  turbo¬ 
jet  engine  will  Increase  with  increasing  altitude. 


RA-0 17-68 


236 


n 

Qs 

Qf 

0,3 

0,2 

DJ 


9 

a 

■ 

'H 

■ 

■ 

■ 

s 

9 

3 

& 

■ 

■ 

■ 

■ 

■ 

■ 

s 

B 

m 

5 

■ 

■ 

■ 

■ 

■ 

■V 

■ 

■■ 

■ 

i 

ii 

■H 

Figure  15^1  Dependence  of  the  efficiencies  of  a 
turbojet  engine  on  altitude. 

6‘  Bia-Conc‘Pt  »f  Turb°l«t  Bnglne  di.r„t.rl.tl»  In  similarity 

Parameters 

Similar  reglm,..,  of  .  turbo  ft  aagiflt  «  •  whole,  a,  well  of 
the  compressor  (end  turbine)  i„  particular,  are  defined  ,8  regime. 
Where  ,  dynamic  similarity  of  the  gas  and  air  streams  flowing  through 
the  engine  Is  encountered,  that  1.  a  similarity  with  respect  to 
pressure,  friction,  and  Inertial  force,  that  can  be  accompli.hed 
only  if  the  flight  Mach  number  and  Reynolds  number  (R.)  are  equal 
in  all  similar  cross-sections  of  comparable  streams.  Dynamically 
similar  streams  are  geometrically  and  kinematically  similar  at  the 
same  time.  Therefore,  similar  regime,  can  exist  not  only  for  a 
given  engine,  If  Its  flow  section  geometry  Is  constant,  but  also 
for  a  family  of  geometrically  similar  engines,  that  is  engine,  where 
all  the  Simitar  dimension,  are  proportional.  In  the  majority  of 
cases  the  Re  number,  in  the  flow  section  of  a  turbojet  engine  have 
values  (so-called  supercritical  He  numbers)  where  the  friction  force 
has  a  very  small  effect  on  the  flow  characteristic,  of  the  gas  stream. 
Therefore,  a,  a  rule  the  equality  of  only  the  Mach  number,  1,  entirely 
adequate  for  satisfying  the  similarity  of  the  regime,  of  turbojet 
engines,  as  this  is  done  below.  Let  us  assume  that,  during  turbojet 
engine  operation  at  very  great  altitudes  and  at  relatively  slow  air¬ 
speeds,  the  Re  number,  in  the  flow  section  of  the  engine  are  signi¬ 
ficantly  reduced  due  to  low  inlet  air  density,  reaching  their  sub- 
critical  values.  In  these  cases  the  friction  force  already  has  a 
considerable  effect  on  the  flow  of  the  gas  streams,  and  since  the 
equality  of  the  Re  number,  is  not  satisfied  the  similarity  of  the 
stream,  is  violated,  which  can  lead  to  considerable  errors.  But  this 
is  a  special  problem  that  is  not  discussed  here. 

In  addition,  it  is  assumed  in  approximation  that  under  similar 
regimes  of  turbojet  engine,  the  heat  losses  in  the  combustion  chamber, 

^  c  .  c  Hr®  ^entlcal,  and  that  the  specific  heat  of  the  combustion 
products  (and  the  air)  is  not  dependent  on  their  temperature  and 
composition.  These  assumption,  do  not  result  in  appreciable  errors 
and  Simplify  the  calculations  considerably. 

AH  magnitudes  whose  numerical  value,  remain  constant  under 
similar  regime,  of  turbojet  engines  are  called  similarity  caramel.- 
of  turbojet  engines. 
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ft  is  established  that  there  are  two  independent,  determinative 
similarity  parameters  for  turbojet  engines  with  .  const!  the 
flight  Mach  number  M,,  and  the  rpm  parameter  jy"-.  .  %hat  is  propor¬ 
tional  to  the  Mach  number  Mu  determined  with  respect  to  the  circum¬ 
ferential  velocity  of  the  rotor  of  a  turbojet  engine.  This  means 
that,  if  the  values  M„  and 


Vrn  remain  constant  during  any  change 

_  A. _ L  -  ,  .  t 


in  the  operating  conditions  of  a  turbojet  engine  (rpm,  airspeed,  and 
altitude,  atmospheric  conditions,  temperature  in  front  of  the  turbine, 
and  others),  the  regimes  of  the  turbojet  engine  remain  similar.  It 
Is  obvious  that  only  one  determinative  similarity  parameter, 
remains  during  static  turbojet  engine  operation,  where  MH  .  o.  " 

It  is  proved  in  the  technical  literature  that  the  ratio  P/p. 
between  engine  thrust  and  total_air  pressure,  called  the  thrust  " 
Earasster.  and  the  ratio  Cjp/VT.  between  specific  fuel  consumption 
and  the  stagnation  temperature  of  the  air,  called  the  specific  fuel 
consumption .parameter,  remain  constant  under  similar  regimes  of  a 
turbojet  engine.  Also,  it  can  be  shown  that  the  temperature  ratios 
(for  instance.  Tj/T*  and  T|/T.)  and  pressure  ratio,  (nj.  a  p./p.)  and 
all  the  efficiencies  of  an  engine  remain  constant  unler  similar 
regimes  of  turbojet  engines. 

Using  the  dependencies  explained  above  it  is  possible  to  reduce 
significantly  the  number  of  the  characteristics  of  a  turbojet  engine 
that  are  required  to  determine  its  thrust  and  specific  fuel  consump¬ 
tion  under  different  flight  conditions  and  rpm. 

Thus,  for  instance,  if  the  rpm  characteristics  of  a  turbojet 
engine  that  are  applicable  only  Tor  certain  atmospheric  conditions 
(that  is  pH  and  TH)  are  plotted  in  the  form  of  dependencies  of 
P/PH  "nd  Csp/VTfl)  on  n/VT*#  they  will  become  applicable  for  any 
atmospheric  condition,  at  MH  .  const  (and  also  at  M,,  ,  o). 

A  great  number  of  airspeed  and  altitude  characteristics  of  a 
turbojet  engine  that  refer  to  different  rpm  values  can  be  reduced 
to  a  small  family  of  curves  expressing  the  dependence  of  P/p.  and 

Csp/'/fH  on  the  flight  Mach  number  MH  and  the  p/VT*  parameter,., 
shown  in  figure  155. 


Tigure  1551  Turbojet  engine  characteristics  in  similarity 
parameters. 

The  dependencies  of  the  thrust  and  specific  fuel  con.umption 
parameters  on  the  flight  Mach  number  and  the  rpm  parameter  are 
CaU*d  ~ rb°-|,?t  engine  char.ct.r4.n-.  <  -  -imnaritv  _ _ _ _ 
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It  must  be  kept  in  mind  that  the  characteristics  in  similarity 
parameters  can  be  plotted  only  for  turbojet  engines  where  the  geo¬ 
metry  of  the  flow  section  of  all  engine  elements  remains  constant 
(that  is,  F#  ■  const  and  -  const,  and  no  pivoting  blades,  and 
the  like)  or  where  a  variation  of  this  geometry  is  uniquely  depen¬ 
dent  on  the  parameters  n/VTg  end  Mjj. 

Having  the  characteristics  of  a  turbojet  engine  in  similarity 
parameters  we  can  readily  plot  from  them  the  airspeed  or  altitude 
characteristics  of  the  engine  for  any  given  rpm  or  rpm  character¬ 
istic  at  the  given  airspeed  and  altitude.  For  instance,  if  it  is 
necessary  to  plot  the  airspeed  characteristics  at  n  a  const  and  H  • 
»  const,  and  given  the  different  values  for  the  airspeed  V,  the 
corresponding  values  are  determined  for  the  given  altitudes 


_ n _ _ _ . 

~Vf,« " 

1.1  o«w„)v. 

Subsequently,  the  values  P/p*  and  are  found  on  these 

characteristics,  and  the  actual  thrust  P  and  specific  fuel  con¬ 
sumption  C  are  determined  from  them. 

sp 

7.  Reducing  the  Reaulta  of  Turbojet  Engine  Testa  to  Prescribed 
Conditions 

Using  the  concept  of  the  similar  regimes  of  a  turbojet  engine, 
the  task  of  reducing  test  stand  results  to  prescribed  atmospheric 
conditions  can  be  solved  with  sufficient  accuracy  and  simplicity. 

This  task  consists  of  determining,  on  the  basis  of  data  ob¬ 
tained  through  turbojet  engine  tests  under  any  atmospheric  condi¬ 
tions,  the  data  that  the  engine  would  have  if  it  operated  at  the 
prescribed  rpm,  but  under  standard  atmospheric  conditions,  that  is 
PQ  a  76O  mm  mercury  column,  and  TQ  a  288°K  (♦  15°C),  or  under 
any  other  conditions. 

Let  us  suppose  that  a  turbojet  engine  was  tested  on  a  test 
stand  at  an  atmospheric  air  temperature  and  barometric  pres- 

sure  Pmd  and  at  a  certain  rpm,  n^.  The  thrust  measured  during  this 

test  was  equal  to  P  . ,  and  the  specific  fuel  consumption  was  C 

ma  r  sp  md 

In  order  for  this  engine  to  operate  under  standard  atmosphsric 

conditions  at  a  regime  that  is  similar  to  the  test  regime,  only  one 
condition  must  be  satisfied  (since  M^j  ■  0)1 

n  /V  288  «  n  J/l/T  . : 
cor'  r  md'  v  md* 

whence 

"cor  *  nmdV288/Tmd  (12.5) 
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wher*  n  is  the  corrected  rpm  of  the  engine, 
cor  _  - - -r—  -o 

In  order  to  determine  the  corrected  thrust  Pcor  that  this 
engine  would  generate  if  it  operated  under  standard  atmospheric 
conditions  at  the  corrected  rpm,  ncor«  we  us®  the  condition  of  the 
equality  of  the  thrust  parameters  under  similar  regimes  of  turbojet 
engines,  that  is 

p  /760  .  p  ./p  . 
cor'  md'  md 

whence 

p  •  760/p  .  p  .. 
cor  '  md  md 

Furthermore,  from  the  equality  of  the  specific  fuel  consumption 
parameters  for  these  two  similar  regimes  of  the  turbojet  engine, 

C  /V288  «  C  ,/ Vt~. 

sp  cor'  v  sp  md'  Y  md 

we  determine  the  corrected  specific  fuel  consumption,  Cor* 

corresponds  to  the  thrust  P  and  rpm  n  found  above,  that  is, 

cor  cor 

C  -  C  V288/T 

sp  cor  sp  md  v  '  md 

Subsequently,  equating  the  air  flowrate  parameters  and  the 
products  of  thrust  parameters  and  specific  fuel  consumption  para* 
meters  for  the  samo  similar  regimes  of  the  turbojet  engine,  we  can 
obtain  the  following  formulas  1 

cor  *  C.  cd  76t>/PmdVTmd/288 
°fuel  cor  ■  Gfu.l  rod 

where  G  is  the  corrected  air  flowrates 

a  cor  . 

^fuel  cor  is  the  corrected  fuel  consumption  per  hour,  that  is 

the  air  flowrate  and  specific  fuel  consumption  that 

would  be  encountered  If  the  given  engine  operated 

under  standard  atmospheric  conditions  and  at  an  rpm 

equal  to  n  .  . 

M  cor 

The  formulas  for  determining  the  corrected  values  of  any 

turbojet  engine  parameters  can  be  obtained  through  this  approach. 

Thus,  for  instance,  the  formulas  for  the  corrected  gas  temperatures 

in  front  of  the  turbine.  TJ  cor»  and  behind  the  turbine  (in  the  Jet 

nozzle).  T5  .  are  obtained  from  the  conditions  T*/T-  ■  const 
2  cor  z  o 

and  T£/Tq  ■  const  for  similar  regimes j  these  formulas  are 

T*  •  T*  .  288/T  . 

z  cor  z  md  '  md 

and 

T*  -  T*  .  288/T  .. 

2  cor  2  md  '  md 

The  results  of  test  stand  trials  of  a  turbojet  engine  are  re¬ 
duced  to  standard  atmospheric  conditions  in  the  following  sequence! 

1.  in  accordance  with  formula  (  12.5)  that  rpm  is  determined 
where  an  engine  regime  for  the  prevailing  atmospheric  conditions 
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tot  thH  *“*  r,‘im'  “  °bt,,in,d' th>t  u  «*•  — .r 

which  «h.  angina  d.t.  for  .t.nd.rd  atmo.ph.ric  condition.  .u.t  b. 
determined! 

2.  aft.r  -t.bii.hing  th.  obt.in.d  rp.  on  th.  operating  .ngin., 
.  thru.t,  fu.l  con.uaption,  ga.  f.p.r.tur.  in  th.  J.t  no.xl., 

»o  on  art  ntaiurtd|  * 

3.  with  th.  aid  of  th.  formula,  obtain.d  abova,  th.  corr.ct.d 
thru.t,  .P.cific  fu.l  consumption,  and  oth.r  .ngin.  d.t.  that  air.ady 
corr..pond  to  atand.rd  atmo.ph.rlc  condition.,  ar.  d.t.n.in.d  fro. 
th«  vestured  magnitudes. 

However,  if  the  air  temperature  exceeds  288°K  (♦  15°c)  the 
•  ngin.  mu.t  not  b.  aliow.d  to  op.r.t.  at  th.  r.volution.  wh.r.  it. 
regime  .t  thi.  t.mp.r.tur.  b.co...  .i.il.r  to  it.  ..xi.u.  rtglm. 
with  ra.p.c t  to  rp.)  und.r  .t.nd.rd  condition.,  .i„e.  th...  evo¬ 
lution.  ar.  obtaindd  at  a  higher  l.v.l  than  th.  maximum  .„gi„.  rp. 
During  th.  hot  ....on  thi.  circum.t.nc.  ..ha.  it  Mcmmttry  to  u.lt 
th.  verification  of  .ngin.  d.t.  through  fata  to  corra.pondingly  r.- 
dued  regime. ,  whtl.  maximum  snd  clo..  to  VBrlft<>d 

in  approximation  through  graphical  axtr.polntlon  from  th.  charac¬ 
ter!. tica  acquired  during  the. a  taste. 

A.  a  rule,  turboj.t  .ngin.  t.ating  i.  not  confin.d  to  th. 
acquisition  of  on.  or  ..v.r.l  r.gi...,  r.th.r,  all  th.  rpm  ch.r.c- 
eri.tic.  of  th.  .ngin.  ar.  acquir.d  and  al.o  r.duc.d  to  .tandard 
atmo.ph.ric  condition..  U.u.lly  th...  ch.r.ct.ri.ttc.  ar.  plott.d 
in  th.  foe  Of  d.p.nd.nc i.a  of  corr.ct.d  .ngin.  p.r...t.r.  on  cor¬ 
r.ct.d  rpm,  .„d  ther.for.  th.y  ar.  called  corr.ct.d  . . 

accuracy  of  all  ....ur.m.nt.  p.rfoe.d  during  .ngin.  t..t.  .u.t 
b.,  for  thru.t.  ;  0.5  *,  for  fuBl  con.umptlon,  ♦  ,  *,  for  rp-i 
*  0.25  end  for  temperature  behind  the  turbine,  ♦  i  %. 


Thrust  Augmentation  of 
behind  the  Turbine 


tinea  throu 


si  Combustion 


Ihi-u.t  „ugmfntation  1.  d.fin.d  a.  incr.a.lng  th.  thru.t  of  a 
glv.n  .ngin.  b.yond  th.  magnitude  that  corr.spond.  to  th.  ...imu. 
r.gl..,  that  1,  th.  magnitude  obt.in.d  .t  maximum  acc.pt.bl.  rpm, 
"max'  *nd  t.mperatur.  in  front  of  th.  turbine,  T»  .  Thru.t  aue 
mentation  mat.,  it  po..tbl.  to  Inc . .  t^  wlth^'^ 

ceding  th.  ear.  m.ch.nical  and  thermal  lo.d,  on  turbine  and  compr... 
aor  part.,  and  without  appr.ciably  incr.a.ing  th.  weigh,  of  th. 
power  Plant.  Thru.t  augmentation  frequently  prove,  n.c.ary  in 
order  to  shorten  th.  rolling  di.t.nc.  of  th.  aircraft  during  t.Ke- 
off,  to  increase  th.  climbing  .p..d  and  c.iling  of  th.  aircraft,  to 

incre...  th.  alr.p..d  rapidly,  and  to  fly  .up.r.onic  air.p..d.  at 
nigh  altitudes. 

t  “  th!  Pr"ent  tlBe  lh#  m0,“  ,,td8ly  U8ed  «—  »«•  turu.t  aug. 
m.ntat ton  for  turboj.t  .ngin..  con.i.t,  of  burning  additional  fu.l 
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b«tw««n  turbine  and  Jet  nouli.  Fuel  conbustlon  behind  the  turb  ne 
takas  place  aa  a  result  of  tha  presence  of  fraa  osygen  that  la  aval  I  - 
abla  In  significant  quantity  In  tha  conbustlon  products  departing 
fro*  tha  turbina.  As  a  rsault  tha  gas  tasipsratura  In  front  of  tha 
Jet  noisla  Is  Incrsaasd  so  that  tha  gas  ashaust  valoclty  fros  tha 
Jat  noss&a  lncraasss  undar  otherwise  aqual  conditions  and v  consa- 
quant ly,  tha  specific  thrust  and  tha  angina  thrust  ara  lncraasad. 

By  natural  such  a  naans  of  thrust  augnantatlon  raprasants  tha  e  i  - 
ploltatlon  of  a  cycls  with  haat  Input  In  too  stagas  that  was  das- 
crlbad  In  Chaptar  )• 

A  «o-cs  1  lad  aftarbumar  is  lnstallad  for  burning  additional  fual 
batwaan  turbina  and  Jat  noula,  whosa  dlagran  Is  shown  in  flgura  156. 


Pigura  1361  Dlagran  of  tha  aftarournar  of  a  turbojat  anginal 

1  -  diffusart  2  -  aftarbumar  caslngi  3  -  flana  stablllsarat 

U  -  fual  nosslai  3  -  flana  tubai  6  -  starting  nosalasi 
7  -  Jat  nossls. 

Tha  prlnary  alanants  of  an  aftarbumar  oral  tha  dlffusar  I, 
usad  to  raduca  tha  gas  valoclty  to  a  aagnituds  corraspondlng  to 
a  Mach  nunbar  of  M  ■  O.23  to  0.3,  which  is  nacassary  to  ansura 
stabla  fual  conbustloni  tha  aftarbumar  casing  2  in  tha  fora  of 
a  cylindrical  or  conical  tuba  with  a  slight  divergence  toward  tha 
outlat  in  which  tha  conbustlon  of  tha  additional  fual  takas  pineal 
tha  flana  stablllsars  3,  usually  daslgnad  in  tha  fora  of  rings  with 
angular  cross-sact ion  bahlnd  whosa  adgas  a  sons  of  ravarsa  straans 
of  burning  gasas  is  craatadi  and  tha  fual  nosslas  A.  A  flana  tuba 
3  is  lnstallad  In  aftarburnars  with  high  conbustlon  tanparatura, 
and  part  of  tha  gas  departing  fron  tha  turbina  is  directed  into  tha 
space  batwaan  flana  tuba  and  casing  2  in  order  to  raduca  tha  tanpara¬ 
tura  of  tha  walls  of  tha  afterburner  casing.  A  starting  device 
conalsting  of  a  sparkplug  and  starting  nosslas  6  is  frequently  usad 
for  reliable  fual  ignition  In  tha  af tarburnars . 

Turbojat  anginas  with  aftarburnars  ara  given  the  abbreviated 
designation  TRDP. 

Tha  raglna  of  an  afterburning  turbojet  angina  that  corresponds 
to  tha  naxlnun  rpn  and  nail  nun  gas  temperature  in  front  of  the  tur¬ 
bine  during  afterburner  operation  is  called  tha  af terbumine  raatse . 

When  an  afterburning  turbojat  angina  operates  undar  tha  after¬ 
burning  regine  tha  gas  tanparatura  T*^t  in  front  of  tha  Jat  nosslu 
(at  tha  afterburner  outlat)  usually  reaches  1600  to  l?0O°K,  and  for 
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some  in^lnaa  can  even  rise  to  TJft  ■  1800  to  2000°K.  In  static 
engine  operation  on  tho  ground  (V  ■  0  and  M  ■  0)  this  makos  it  pos¬ 
sible  to  increase  Its  thrust  by  30  to  50  $,  spared  to  the  thrust 
that  can  be  obtained  at  the  siaxlmum  regime. 

In  order  to  ensure  that  the  regime  of  the  engine  is  not  dis¬ 
turbed  in  other  respects  when  the  afterburner  is  started  or  in 
other  words,  to  ensure  that  the  temperature  in  front  of  the  turbine 
and  the  engine  rpm  are  maintained  at  their  previous  levels  (n  e 
■  const  and  T*  ■  const),  the  pressure  p2  et  the  turbine  outlet 
and,  accordingly,  the  gas  expansion  ratio  in  the  turbine,  must 

be  kept  constant*  This  requires  an  increase  of  the  minimum  cross- 
section  of  tho  Jet  nozzle  when  the  afterburner  is  started,  so 
that  the  weight  flowrate  of  the  combustion  products  through  the 
Jet  nozzle  remain*  at  its  previous  level  in  spite  of  the  decrease 
in  their  density  due  to  the  Increase  of  temperature  in  the  after¬ 
burner. 

However,  If  the  Jet  nozzle  area  F#  remains  constant  when  the 
afterburner  is  started  (or  If  its  Increase  lags  behind),  the  pres¬ 
sure  behind  the  turbine  will  increase  as  a  result  of  the  increasing 
temperature  in  front  of  the  Jet  nossle,  and  the  gas  expansion  ratio 
in  the  turbine  will  decrease,  leading  to  a  reduction  of  turbine  work 
end,  consequently,  also  to  a  reduction  of  engine  rpm.  As  a  result, 
the  rpm  governor  will  Increase  the  fuel  flow  Into  the  primary  com¬ 
bustion  chambers  in  order  to  restore  the  previous  rpm  level,  and  the 
gas  temperature  in  front  of  the  turbine  will  be  increased.  But  an 
increase  of  temperature  in  front  of  the  turbine  is  inacceptable  at 
a  time  when  the  engine  already  operates  under  the  maximum  regime, 
since  this  will  result  in  dangerous  turbine  blade  overheating  and, 
in  addition,  can  cause  compressor  surging  (due  to  the  reduction  of 
the  air  flowrate  through  the  compressor  at  n  e  const). 

Thus,  starting  the  afterburner  absolutely  must  be  accompanied 
by  a  simultaneous  increase  of  the  Jet  nossle  area,  in  order  to  main- 
tsln  the  afterburning  turbojet  engine  at  constant  maximum  rpm  and 
to  prevent  the  danger  of  turbine  blade  overheating  and  the  develop¬ 
ment  of  compressor  surging. 

If  the  temperature  in  front  of  the  turbine  at  asxlmum  or  close 
to  maximum  rpm  is  selected  somewhat  lower  than  the  maximum  accept¬ 
able  level  for  the  turbine,  and  if  the  available  stability  s^rgin 
with  respect  to  temperature  permits,  the  afterburner  can  be  started 
even  without  increasing  the  Jet  nossle  area.  However,  In  that  case 
the  temperature  in  the  afterburner  cannot  be  increased  significantly 
for  the  reasons  indicated  above,  so  that  a  comparatively  small  thrust 
augmentation  is  obtained.  Therefore,  modern  afterburning  turbojet 
engines  usually  have  a  variable  area  Jet  nossle  7»  as  shown  in 
figure  156. 
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Let  us  now  conelder  to  what  degree  the  magnitude  of  thrust  and 
epeciflc  fuel  consumption  is  effected,  under  otherwise  equal  condi¬ 
tions,  by  an  increase  of  gas  temperature  in  front  of  the  Jet  nozzle, 
accomplished  by  burning  additional  fuel  in  the  afterburner. 

Figure  157  showa  the  relative  increase  of  the  thruat  and  speci¬ 
fic  fuel  consumption  of  a  turbojet  engine  as  a  function  of  the 

temperature  increase  in  the  afterburner  (of  the  ratio  T*  /T*l 

2  s  ft '  2 ' 

at  a  compression  ratio  n£  ■  7  in  the  compressor,  gas  temperature 
T»  ■  1150  K  in  front  of  the  turbine,  and  airspeed  V  •  O. 
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Figure  1571  Relative  variation  of'thrust  and  specific 
fuel  consumption  as  a  function  of  afterburner  temperature. 


It  is  seen  that,  if  the  afterburner  temperature  is  increased 
during  static  engine  operation  (V  .  0),  the  specific  fuel  consump¬ 
tion  increases  at  a  significantly  faster  rate  than  the  thrust  or 
the  engine.  Thus,  for  instance,  if  the  thrust  is  Increased  by  30  %, 
the  specific  fuel  consumption  will  Increase  by  70  which  means 
that  the  economy  of  the  engine  deteriorates  significantly. 

Modern  afterburning  turbojet  engines  during  static  operation 
with  afterburner  on  the  ground  have  a  specific  thrust  of  80  to  IOO 
kg  •  sec/kg,  and  a  specific  fuel  consumption  of  1.8  to  2.2  kg/kg 
thrust  per  hour. 

Consequently,  this  means  of  thrust  augmentation  proves  to  be 
uneconomical  at  slow  airspeeds.  But  this  has  no  decisive  slgnifi- 
once  for  its  temporary  use. 

However,  with  increasing  airspeed  and  altitude  the  gain  in 
engine  thrust  for  the  same  increase  in  afterburner  temperature 
will  rise  rapidly,  and  the  increase  in  specific  fuel  consumption 
will  slow  down  considerably.  This  is  due  to  the  pressure  increase 
behind  the  turbine  with  increasing  airspeed,  improving  the  utiliza¬ 
tion  or  the  heat  added  in  the  afterburner. 

Thus,  for  instance,  at  an  airspeed  corresponding  to  a  2.5 
a  temperature  increase  to  1800  to  1900°K  in  the  afterburner  can 
increase  tho  thrust  of  an  afterburning  turbojet  engine  almost  2.5 
times,  na  seen  in  figure  158,  while  the  specific  fuel  consumption 
increases  by  only  10  to  15  *,  compared  to  the  P  and  Ca  of  the  same 
engine  with  non-operntlng  afterburner  and  under  otherwise  equal  con- 
fit 1 1  ons  . 
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58‘  The  "ffeet  of  airspeed  on  the  profile  of 
the  thrust  and  specific  fuel  consumption  of  an  after¬ 
burning  turbojet  engine. 


Thrust  augmentation  of  a  turbojet  engine  by  means  of  burning 
additional  fuel  behind  the  turbine  has  a  very  telling  effect  on 
the  profiles  of  the  airspeed  characteristics  of  the  engine,  espe¬ 
cially  at  high  altitudes.  To  illustrate  this,  figure  159  shows 
the  airspeed  characteristics  (solid  curves)  of  an  existing  after¬ 
burning  turbojet  engine  (the  french  ATAB  engine),  and  as  dotted 
curves  for  comparison  the  airspeed  characteristics  of  the  same 
engine  without  afterburner.  It  is  seen  that,  at  an  airspeed  cor¬ 
responding  to  MH  -  2  and  an  altitude  of  11  km,  augmentation  through 
additional  fuel  combustion  behind  the  turbine  will  Increase  the 
thrust  almost  4  times,  at  an  increase  in  specific  fuel  consumption 
of  about  30  But  at  the  same  time  the  specific  weight  of  the 

engine  is  reduced  considerably,  since  the  presence  of  the  after¬ 
burner  increases  its  weight  by  about  25  to  JO  %  while  the  thrust  is 
increased  several  times.  This  latter  factor  can  compensate  signi¬ 
ficantly  for  the  increased  fuel  consumption  (depending  on  flight 
endurance).  As  a  result  oT  the  special  features  mentioned  above, 
thrust  augmentation  of  a  turbojet  engine  through  additional  fuel 
combustion  behind  the  turbine  (that  is,  employment  of  an  afterburn¬ 
ing  turbojet  engine)  in  a  number  of  cases  not  only  proves  to  be 
an  advantageous  but  even  a  necessary  means  for  accomplishing  flights 
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An  important  advantage  of  using  afterburners  is  the  possibility 
of  significantly  increasing  engine  thrust  without  increasing  the  gas 
temperature  in  front  of  the  turbine. 

The  additional  weight  and  design  complication  of  the  engine  must 
range  among  the  disadvantages  of  using  afterburners.  Moreover,  when 
the  afterburner  is  not  operating  the  thrust  of  the  engine  will  be 
slightly  leas,  and  the  specific  fuel  consumption  higher,  than  the 
thrust  of  the  same  engine  without  this  afterburner  (due  to  the  addi¬ 
tional  resistance  created  by  the  afterburner). 

9,  Thrust  Augmentation  of  Turbo.let  Engines  through  Cooling  Liquid 
Injection 

Thrust  can  be  augmented  by  cooling  the  air  that  is  compressed 
in  the  compressor. 

As  a  rule,  if  the  compressed  air  in  aviation  gas  turbine  engines 
is  also  cooled,  this  is  accomplished  only  through  the  evaporation  of 
liquids  (water,  alcohol,  a  mixture  of  both,  and  others)  injected 
into  the  air  stream  through  special  nozzles  installed  in  front  of 
the  compressor.  Other  possible  means  of  cooling  the  air,  for  in¬ 
stance  with  the  eld  of  heat  exchangers  and  the  like,  lead  to  an  in¬ 
admissible  increase  of  engine  weight  and  size  and  are  not  used  for 
this  reason. 

When  liquid  is  evaporated  in  air,  heat  is  removed  from  the 
latter  equaling  the  evaporation  heat  of  the  liquid.  As  a  result, 
the  polytropic  exponent  of  compression,  the  work  required  to  compress 
the  air  to  a  given  pressure,  as  well  as  the  temperature  at  the  end 
of  compression,  are  reduced.  Consequently,  if  the  work  expended  on 
air  compression  remains  constant,  the  pressure  at  the  compressor  out¬ 
let,  that  is  the  compressor  compression  ratio,  will  rise  accordingly. 

As  a  result,  the  pressure  behind  the  turbine  is  increased, 
which  in  turn  leads  to  an  increase  of  the  gas  expansion  ratio  in 
the  Jet  nozzle. 

Consequently,  the  exhaust  velocity  from  the  jet  nozzle  and 
the  associated  specific  thrust  are  increased.  In  addition,  the 
weight  flowrate  of  the  gas  (air)  through  the  engine  also  increases 
with  increasing  pressure  in  front  of  the  turbine  at  the  same  tempera¬ 
ture  T*. 
z 

Thus,  if  liquid  is  injected  that  evaporates  in  the  compressed 
air,  the  thrust  of  the  engine  will  increase  as  a  result  of  an  in¬ 
crease  of  both,  specific  thrust  and  air  flowrate. 

At  the  same  time  the  quantity  of  fuel  required  for  a  correspond¬ 
ing  temperature  increase  in  the  combustion  chambers  at  TJ  *  const 
will  increase  as  a  result  of  the  reduction  of  the  compressor  out¬ 
let  temperature,  so  that  the  specific  fuel  consumption  can  change, 


too. 
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The  relative  variation  of  thruet  and  apecific  fuel  conaumption 
as  a  function  of  the  ratio  between  the  quantity  of  evaporated  water 
and  the  quantity  of  consumed  fuel  is  shown  in  figure  160.  It  ia  seen 
that  the  injection  of  evaporating  liquid,  especially  of  water,  into 
the  compressor  can  be  an  effective  means  of  engine  thrust  augmentation. 

However,  it  must  be  taken  into  consideration  that  the  quantity 
of  liquid  that  can  evaporate  in  good  time  is  practically  limited  to 
a  significant  degree  by  the  short  period  that  it  remains  in  the  com¬ 
pressor.  And  when  the  partial  pressure  of  the  vapors  of  the  given 
liquid  reaches  vapor  pressure  for  the  temperature  prevailing  at  the 
compressor  outlet,  evaporation  in  the  compressor  will  cease  complete¬ 
ly. 

The  quantity  of  liquid  that  can  evaporate  in  and  in  front  of 
the  compreseor  increases  with  increasing  air  temperature  at  the 
compressor  inlet  (increasing  ambient  air  temperature,  fast  supersonic 
airspeed).  This  can  lead  to  a  considerably  greater  thrust  augmenta¬ 
tion  than  shown  in  figure  160. 

Using  this  relatively  simple  means  of  augmenting  the  thrust  of 
on  engine  requires  large  relative  flowrates  of  injection  liquid. 

Thus,  for  instance,  the  water  consumption  required  to  augment  the 
thrust  of  a  turbojet  engine  by  20  to  25  56  during  take-off  will  ex¬ 
ceed  the  fuel  conaumption  by  about  2.2  to  2.4  times. 
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Figure  160:  Effect  of  water  injection  into  the 
compressor  of  a  turbojet  engine  on  its  thrust  and 
specific  fuel  consumption. 

Water  injection  for  the  purpose  of  augmenting  engine  thrust  is 
also  possible  directly  into  the  combustion  chambers.  At  the  same 
time  the  fuel  flow  must  be  increased  to  prevent  a  drop  in  gas  tempera¬ 
ture  in  front  of  the  turbine.  When  water  is  injected  into  the 
combustion  chambers  the  generated  steam  obstructs  the  air  intake 
into  the  chambers,  resulting  in  a  reduction  of  the  air  flowrate 
through  the  compressor,  so  that  its  compression  ratio  increases  ^ 
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Thu,,  if  water  ls  injected  into  the  combustion  chambers,  the 
thrust  of  the  engino  is  increased  as  e  resuit  of  the  increase  of 
pressure  in  front  of  the  turbine  (if  TJ  .  const  is  maintained)  and 
of  the  increase  in  the  gas  flowrate.  Moreover,  the  increase  of 
thrust  (exhaust  velocity  from  the  Jet  nozzle)  contribute,  to  a  certain 

n  the  p«— ..  rJl.IT 

the  increased  quantity  of  water  vapor  contained  in  the™. 

of  jit  rme  increase  °r  eneine  thru9t* 

injection  into  the  combustion  chamber,  requires  a  significantly 
greater  water  flowrate  than  injection  into  the  compressor.  More¬ 
over,  a,  the  water  flow  into  the  combuetion  chamber,  increases,  the 
pressor  can  get  into  an  area  of  instable  regime,  since  the  air 
lowrat.  through  the  compressor  is  reduced  during  this  procesi.  But 
“  the  same  time,  water  injection  directly  into  the  combustion 
chamber,  instead  of  into  the  compressor  eliminate,  the  possibility 
o  ice  formation  and  damage  to  compressor  blading  under  the  effect 
of  water  particles. 

'°‘  feature,  of  the  Characteristics  of  ^„bie-C - - 

Turbojet  Engine.  - - B - 

Double-compound  turbojet  engine,  (see  figure  ,9)  have  a  compres- 
■or  censieti^  of  two  consecutively  located  compressor,  for  low  an 
high  pressure.  The  first  of  these  is  located  on  the  same  shaft  with 
th«  -cond  low  pressure  turbine  . . .  from  th.  combustlon  eh 

end  maxes  up  th.  low  pressure  or  outer  rotor  with  that  turbine,  while 

b  :°"  dla  r"ted  °n  the  ^  -  fir...  high  pressure 

turbine  and  makes  up  th.  high  pressure  or  inner  rotor  with  that  tur¬ 
ned  \ rrUre  "nd  hlRh  Pr"SUrB  "0t  -«hanic.lly  con¬ 

nected  so  that  they  can  rotate  at  different  rpm. 

Th.  compression  ratio,  of  the  low  pressure  and  high  pressure 
pressor,  in  double-compound  turbojet  engines  are  small  indivi- 

Siol  IT  T  "0t  eXCeed  3-5  ‘°  *  ev'n  ■*  8  hi«h  overall  compres¬ 
sion  ratio  of  12  to  16. 

.ion  rrr  Under  °ff-d#8len  . her.  th.  ov.r.U  compres- 

ion  ratio  1.  reduced  a.  a  result  of  th.  reduction  of  th.  rpm  para- 

ter.  flow  condition,  around  th.  blade,  of  the  individual  stages 
of  low  pressure  and  high  pressure  compr.e.or  under  correspondingly 
matched  rpm  will  differ  to  a  significantly  lesser  degree  from  Z- 

gned  condition,  than  they  will  for  a  single-spool  compressor  with 
he  same  overall  compression  ratio. 

-ion  r.ntiln*Trft  tUrb°jBt  #n*ln"  Wlth  *  hl*h  *••*«»«'  comprea- 
lon  ratio  and  .  const,  the  transition  to  reduced  regimes,  that 

is  he  reduction  of  th.  rpm  parameter,  is  eccompani.d,  !.  „  JL 

explained,  by  a  significant  increase  of  th.  angle.  of  attack  of  the 

k  T  flr,t  °0,”PreSSOr  9“«”  »"<*  •  reduction  of  th.  angle, 
attack  of  th.  blade,  in  th.  last  compressor  stages.  As  a  result 
th.  compressor  efficiency  i.  con.id.rably  reduced,  and  compressor 
operation  can  become  instable,  making  it  nec....^  t> 
surging  devices.  anti- 
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It  is  obvious  that,  in  order  to  prevent  a  significant  increase 
of  the  angles  of  attack  of  the  blades  in  the  first  stages  during  the 
transition  to  reduced  regimes  of  a  double -compound  turbojet  engine, 
the  rpm  of  the  low  pressure  compressor  should  be  reduced  at  a  greater 
rate,  and  that,  in  order  to  prevent  an  excessive  decrease  of  the 
angles  of  attack  of  the  blades  in  the  last  stages,  the  rpm  of  the 
high  pressure  compressor  should  be  reduced  at  a  lesser  rate  than 
the  rpm  of  a  single-spool  compressor  with  the  same  overall  designed 
compression  ratio  as  the  double— c ompound  turbojet  engine* 

This  rpm  variation  of  the  low  pressure  and  high  pressure  compres¬ 
sor  of  double-compound  turbojet  engines  during  their  transition  to 
reduced,  off-design  regimes  takes  place  automatically,  as  shown  by 
Prof.  K.V.  Kholshchevnikov . 

Thus,  for  instance,  the  Bristol  "Olymp"  double-compound  turbo¬ 
jet  engine  has  a  ratio  between  high  pressure  rotor  rpm,  n^,  and 
low  pressure  rotor  rpm,  nlo,  equal  to  n^/n^  ■  1*3  under  the  de¬ 

signed  regime,  and  increasing  to  nhl/nlQ  «  2  under  the  low  throttle 
regime . 

This  unequal  rpm  variation  between  low  pressure  and  high  pres¬ 
sure  rotor  is  precisely  what  is  required  to  improve  flow  conditions 
around  the  blades  of  the  first  and  the  last  compressor  stages  under 
off-design  regimes.  As  a  result,  the  angles  of  attack  of  the  first 
and  the  last  stages  of  the  compound  compressor  of  a  double— compound 
turbojet  engine  differ  from  their  designed  magnitudes  to  a  signi¬ 
ficantly  lesser  degree  when  the  rpm  (or  the  rpm  parameter,  if  n  ■ 
a  const)  is  reduced,  than  they  will  in  the  compressor  of  a  single¬ 
shaft  turbojet  engine  with  the  same  overall  designed  compression 
ratio. 

For  these  reasons,  double-compound  turbojet  engines  have  the 
following  principal  advantages. 

1  .  The  compressor  of  a  double-compound  turbojet  engine  can 
operate  in  a  stable  manner  without  surging  in  a  significantly 
broader  range  of  different  regimes  than  the  compressor  of  a  single- 
shaft  turbojet  engine  with  the  same  designed  compression  ratio*  As 
an  example,  figure  1 6 1  shows  the  location  of  the  operating  lines 
with  respect  to  the  compressor  characteristics  for  a  single-shaft 
turbojet  engine  (see  figure  1 6 1  a)  and  a  double-compound  engine  (see 
figure  1 6 1  b,c)  with  •  const  and  with  the  same  overall  designed 
compression  ratio  and  no  anti-surging  devices  in  either  case.  It 
is  seen  that  the  operating  lines  of  the  double-compound  turbojet 
engine  on  the  characteristics  of  the  low  pressure  (see  figure  l6l  b) 
and  the  high  pressure  (see  figure  1 6 1  c)  compressor  never  Intersect 
the  surge  limit  of  these  compressors.  On  the  other  hand,  a  reduc¬ 
tion  of  the  rpm  parameter  of  the  single-shaft  turbojet  engine  by 
about  30  $  already  causes  the  operating  line  to  intersect  the  surge 
limit  of  its  compressor. 
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Figure  l6l!  Operating  lines  of  a  single-shaft  In)  --a 
a  double-compound  (b  and  c)  turbojet  engine! 

2.  Under  reduced  regimes,  where  the  rpm  parameter  (the  rpm) 
is  significantly  reduced,  the  efficiency  of  the  compressor  of  a 
double-compound  turbojet  engine  will  decrease  little  from  its  de¬ 
signed  magnitude .  Therefore,  under  otherwise  equal  conditions  „ 
double-compound  turbojet  engine  under  these  regime,  will  be  more 
economical  than  a  single-shaft  turbojet  engine  whose  compressor 
efficiency  will  be  reduced  significantly  during  this  process  if 
it  has  a  high  desig  ed  compression  ratio. 

3.  At  low  rpm,  equilibrium  regimes  of  a  double-compound  turbo¬ 
jet  engine  are  achieved  at  lower  gas  temperatures  in  front  of  the 
turbine,  due  to  its  greater  compressor  efficiency,  than  for  a  single 
shaft  turbojet  engine  with  the  same  designed  parameters. 

The  disadvantage  of  double-compound  turbojet  engines  is  the 
more  complicated  design  in  comparison  to  a  single-shaft  turbojet 
engine. 

The  same  conditions  are  required  for  the  equilibrium  regimes 
of  double-compound  turbojet  engine,  as  well  a,  for  single-shaft 
turbojet  engines,  that  is  equality  must  exist  between  the  work, 
respectively,  of  the  low  pressure  turbine  and  compressor  (L 
*  Lk  lo)  and  of  th®  pressure  turbine  and  compressor  (l7  . 

Lkhl>-  T  hl 

Changing  the  area  of  the  minimum  cross-section  of  the  Jet 
nozzle  ha,  an  effect  on  the  counterpressure  to  the  gas  outflow  from 
the  low  pressure  turbine  of  ,  double-compound  turbojet  engine  and 
result,  in  a  corresponding  change  of  the  overall  gas  expansion  ratio 
ts  turbines.  But  this  change  extends  primarily  to  the  gas  ex¬ 
pansion  ratio  in  the  low  pressure  turbine,  while  the  expansion  ratio 
Of  the  high  pressure  turbine  remain,  almost  constant.  Thus,  for 
instance,  if  the  gas  expansion  ratio  in  the  low  pressure  turbine 
is  reduced  by  ,5  to  20  *  when  the  Jet  nozzle  area  is  reduced  under 
otherwise  equal  conditions,  the  gas  expansion  ratio  in  the  high 
pressure  turbine  can  decrease  by  at  most  2  to  J  %. 

Therefore,  equilibrium  regimes  of  a  double-compound  turbojet 
engine  that  differ  appreciably  with  respect  to  gas  temperature  in 
ron  of  the  turbine  at  constant  high  pressure  rotor  rpm  cannot  be 
obtained  by  means  of  controlling  the  Jet  nozzle  area.  To  obtain 
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such  regimes  requires  either  a  corresponding  change  in  the  work  of 
the  high  pressure  compressor,  ^  (for  instance,  by  means  of 
pivoting  its  blades),  or  a  change  in  the  area  of  the  nozzle  assembly 
of  the  high  pressure  turbine. 

Consequently,  if  the  Jet  nozzle  area  Ffl  is  reduced,  the  increase 
in  the  temperature  in  front  of  the  turbine,  even  though  required  to 
maintain  the  rpm  of  the  high  pressure  rotor  constant,  will  by 

very  insignificant.  And  the  work  of  the  low  pressure  turbine, 
will  decrease  as  a  result  of  the  reduction  of  c_  .  ,  so  that  the 

T  lO 

rpm  nio  of  the  low  pressure  rotor  will  decline.  As  a  result,  the 
air  flowrate  through  the  engine  will  be  reduced,  but  to  a  lesser 
degree  than  the  rpm  nlQ,  since  n.  .  ■  const. 

Consequently,  the  angles  of  attack  of  the  blades  in  the  first 
stages  of  the  low  pressure  compressor  will  decrease,  and  its  regime 
will  shift  away  from  the  surge  limit. 

However,  increasing  the  Jet  nozzle  area  of  a  double-compound 
turbojet  engine  at  n.  .  *  const  will  lead  to  the  opposite  result, 
that  is  to  a  shift  of  the  regime  of  the  low  pressure  compressor 
toward  its  surge  limit. 

In  order  to  maintain  a  constant  rpm  n^o  of  the  low  pressure 
rotor  when  the  Jet  nozzle  area  is  reduced,  the  gas  temperature  T* 
in  front  of  the  high  pressure  turbine  and,  accordingly,  the  tempera¬ 
ture  T*,  must  be  Increased  so  as  to  compensate  for  the  reduction  of 
«T  lQ.  But  then  the  work  Up  hi  of  the  high  pressure  turbine  will 
be  increased  (since  «p  a  const),  and  the  rpm  of  the  high  pres¬ 
sure  rotor  will  rise.  This  leads  to  an  increase  of  the  air  flowrate 
through  the  engine,  so  that  the  regime  of  the  low  pressure  compres¬ 
sor  moves  away  from  the  surge  limit,  that  is,  it  shifts  to  the  right 
along  the  n±Q/V  T*  ■  const  line.  Accordingly,  with  increasing  F0 
and  n^o  •  const,  the  regime  of  the  low  pressure  compressor  moves 
toward  its  surge  limit,  shifting  to  the  left  along  the  niQ/VTH  “ 
a  const  line. 

Thus,  in  order  to  increase  the  stability  margin  or  to  prevent 
the  low  pressure  compressor  from  surging,  the  Jet  nozzle  area  F 

e 

of  a  double-compound  turbojet  engine  must  be  reduced  rather  than 
Increased, as  for  a  single-shaft  turbojet  engine,  although  the 
temperature  T*  in  front  of  the  turbine  will  be  increased  if  n^Q  » 
const . 

In  order  to  obtain  as  large  a  thrust  as  possible,  both  rotors 

of  a  double-compound  turbojet  engine  in  flight  should  be  maintained 

at  their  maximum  possible  rpm,  n,  and  n.  .  ,  and  gas  tempera- 

10  max  ni  max 

ture  in  front  of  the  turbine,  T*  max*  However,  in  a  double-compound 
turbojet  engine  with  fixed  area  Jet  nozzle,  when  flight  conditions 
change  only  one  of  these  parameters  can  be  kept  constant  (for 
instance,  n^  *  const),  while  the  remaining  two  (n^Q  and  T*)  will 
be  changed  in  the  process. 
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If  the  gas  temperature  in  front  of  the  turbine  of  a  double¬ 
compound  turbojet  engine  ia  maintained  conatant  with  changing  air- 
apeed  and  altitude  by  meana  of  controlling  the  fuel  flow  so  that 
max  m  const,  the  work  of  the  high  preaaure  and  low  preaaure 
turbines  will  not  be  changed,  either.  But  if  there  ia,  for  instance, 
an  increase  in  airspeed,  the  temperature  at  the  compressor  inlet 
*111  be  Increased,  causing  a  reduction  in  the  compressor  compression 
ratio  due  to  the  decrease  in  the  rpm  parameter  and  the  corresponding 
Increase  in  the  angles  of  attack  of  the  bladea  in  the  first  compres¬ 
sor  stages  and  decrease  in  the  angles  of  attack  of  the  blades  in  the 
last  compressor  stages.  As  a  result,  the  rpm  of  the  low  pressure 
rotor,  nlo,  will  be  reduced,  and  the  nhi  of  the  high  pressure  rotor 
Increased.  The  opposite  phenomenon  is  observed  with  increasing 
altitude  at  T*  -  const,  Fe  ■  const,  and  V  -  const!  an  increase  of 
nlo  and  a  decrease  of  n.. .  This  type  cf  rotor  rpm  variation  will 
not  cause  any  peculiarities  in  the  airspeed  and  altitude  charac- 
teriatics  of  double-compound  turbojet  engines.  These  characteristics 
are  approximately  identical  to  the  characteristics  for  TJ  «  const 
and  constant  adiabatic  work  of  the  compressor  a:  a  whole,  since 
the  compressor  efficiency  of  a  double-compound  turbojet  engine 
varies  little  with  changing  compressor  regime  and  flight  conditions. 

If  the  low  pressure  rotor  rpm  of  a  double-compound  turbojet 
engine  with  F0  m  const  is  kept  constant,  nlQ  -  const,  the  angles 
of  attack  of  the  blades  in  the  first  compressor  stages  will  in¬ 
crease  with  increasing  airspeed  (due  to  the  decrease  of  nl0/Vl'fl), 
so  that  the  work  required  to  drive  the  low  pressure  compressor  is 
increased,  requiring  an  increase  or  gas  temperature  in  Tront  of  the 
turbine  in  order  to  maintain  nlQ  -  const.  But  then  the  rpm  nhl  of 
the  high  pressure  rotor  will  be  Increased  as  a  result  of  the  rise 
in  T*  and  decrease  in  the  angles  of  attack  of  the  blades  in  the  last 
stages  of  its  compressor.  In  this  case,  n^  will  be  increased  at 
a  significantly  faster  rate  than  in  the  preceding  case,  if  T*  * 
const.  However,  with  increasing  altitude  (up  to  H  -  11  km)  the 
temperature  T*,  conversely,  must  be  reduced  in  order  to  maintain 
nlQ  a  const,  and  the  rpm  n^  will  be  increased. 

The  nature  of  the  rpm  variation  of  the  high  pressure  rotor  with 

changing  altitude  and  flight  Mach  number  at  n,  *  const  is  shown 

H  lo 

in  figure  162  a. 


Figure  162 l  Rpm  variation  of  a  double-compound  turbojet  engine 
with  changing  altitude  and  flight  Mach  number  Mu: 
a  -  for  nlo  a  const|  b  -  for  nhi  *  const.  " 
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If  the  airspeed  is  increased  at  ■  const  and  under  otherwise 

equal  conditions  the  thrust  of  a  double-compound  turbojet  engine  as 

a  result  of  the  Increase  in  temperature  in  front  of  the  turbine  will 

increase  at  a  greater  rate  than  it  will  for  the  TJ  »  const  control 

schedule.  However,  if  the  altitude  is  increasod  at  n,  ■  const  and 

lo 

V  -  const,  the  thrust  of  the  engine  as  a  result  of  the  decrease  in 

T*  will  be  reduced  at  a  faster  rate  than  for  T*  ■  const* 
z  z 

Since  the  rpm  n^  of  the  high  pressure  rotor  increases  with 

increasing  airspeed  at  TJ  «  const,  the  gas  temperature,  obviously, 
must  bo  reduced  with  increasing  airspeed  in  order  to  maintain  n^  a 
m  const.  This  will  lead  to  a  faster  decrease  in  the  rpm  of  the  low 
pressure  rotor  than  for  TJ  •  const,  and  to  a  corresponding  reduction 
of  engine  thrust . 

In  order  to  maintain  -  const  with  increasing  altitude,  the 
gas  temperature  in  front  of  the  turbine  must  be  increased,  so  that 
the  rpm  of  the  low  pressure  rotor  will  be  increased  at  a  faster  rate 
than  for  TJ  *  const)  as  a  result,  the  thrust  of  the  engine  will  de¬ 
crease  at  a  slower  rate  with  increasing  altitude  than  for  TJ  *  const. 

The  nature  of  the  rpm  variation  of  the  low  pressure  rotor  with 
changing  altitude  and  flight  Mach  number  at  n^  ■  const  is  shown 
in  figure  162  b. 

Figures  163  and  164  show  the  relative  variation  of  the  tempera¬ 
ture  TJ,  rpm  of  the  low  pressure  and  high  pressure  rotors,  and 

n^,  and  the  thrust  of  a  double-compound  turbojet  engine  with  ■ 
const,  for  changing  airspeed  and  altitude  and  for  the  three  control 
schedules  under  consideration,  where  the  values  of  all  magnitudes 
for  these  three  cases  are  assumed  to  be  equal  to  one  at  H  »  0  and 

"h  ■  °- 


Figur.  1631  Airap««d  ch.ract.ri.tlc.  rigure  l64i  Altitude  charae- 
or  a  double-compound  turbojet  engine  t.ri.tlc.  of  a  double -compound 
for  three  control  schedule*.  turbojet  engine  for  three 

control  schedules. 
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It  should  bo  kopt  In  Bind  that  ono  of  tho  magnitudes  nJO,  n^, 
or  TJ  can  bo  kopt  constant  only  until  tho  values  of  tho  two  other 
Magnitudes  oxcosd  tholr  •axlaui  acceptable  values  with  changing  air¬ 
speed  and  altitude. 

Figure  165  shows  the  rotative  variation  of  thruet  with  changing 
flight  Mach  number  for  a  double-compound  turbojet  engine  with  F  a 
a  conat  whose  maximum  thruat  at  <  I  is  limited  by  the  acceptable 
rpm  of  the  low  preesura  rotor,  ao  that  the  limit  with  respect  to 
acceptable  temperature  in  front  of  the  turbine  sets  In  first  with 
increasing  alrepeed  (at  1  i  <  1.7),  and  subsequently  the  limit 
with  respect  to  acceptable  rpm  of  the  high  pressure  rotor. 


Figure  1651  Alrepeed  charac-  Figure  1661  Throttling  charac¬ 
teristics  of  a  double-compound  terletlcs  of  a  double-compound 

turbojet  engine  for  a  combined  turbojet  engine, 

control  schedule. 

The  rpm  characteristics  of  double-compound  turbojet  engines 
can  be  represented  in  the  form  of  the  dependencies  of  thrust  end 
specific  fuel  consumption  on  the  rpm  of  low  pressure  rotor  as  well 
as  high  pressure  rotor. 

Figure  166  shows  the  test  stand  characteristics  of  a  double¬ 
compound  turbojet  engine  with  F#  a  const  ae  functions  of  the  relative 
rpm  of  the  low  pressure  rotor.  If  the  rpm  of  either  rotor  at  the 
maximum  regime  Is  asaumed  to  be  100  %,  the  increase  of  the  engles 
of  attack  in  the  first  stages  during  the  transition  to  reduced  re¬ 
gimes  (ae  well  ae  the  reduction  of t  T  Jo  if  the  engine  is  throttled 
•tlfhificently)  will  lead  to  a  more  rapid  decrease  of  the  rpm  of  the 
low  pressure  rotor  than  of  the  high  preesura  rotor.  It  Is  seen 
from  figure  166  that  for  an  rpm  of  the  low  pressure  rotor  of  0.5  n 
the  rpm  of  the  high  pressure  rotor  amounts  to  about  0.7  n^ 

The  effect  of  atmospheric  air  temperature  on  the  thruet  of 
a  double-compound  turbojet  engine  differs  elightly  from  the  effect 
on  the  corresponding  data  or  a  single-shaft  engine  ami  can  be 
evaluated  by  analogy  with  the  effect  of  airspeed  and  altitude  (that 
is,  of  Tfl)  on  the  regime  of  the  engine  under  different  control 
schedules • 
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If  th*  nl v#n  rpm  of  the  high  pr*nur«  rotor,  nhl  •  const,  is 
■«ln(nln«il  »  O  and  H  *  0,  th*  gas  temperature  tn  front  of 

the  turbine  a»v)  th*  rpm  of  th*  low  prtnurt  rotor  oil  I  dacrtaa* 

%ith  increasing  atmospheric  air  temperature  T|<#  so  that  th*  thrust 
of  th*  engine  Hill  b*  raductd  at  s  slightly  greater  rut*  than  th* 
thrust  of  *  s l ng I ••shaft  turbojet  engine. 

If  th*  rpm  governor  of  th*  *ngln*  maintain*  a  constant  rp*i  of 
th*  low  pressure  rotor  («|0  ■  const),  an  tncrsss*  In  ,  conv*rs*ly , 
will  b*  accospanlvd  by  an  increase  of  temperature  in  front  of  th* 
turhin*  amJ  high  pr*s*ur*  rotor  rpai,  loading  to  a  less  intensive 
r*durtion  of  engine  thrust  in  comparison  to  a  single-shaft  turbo¬ 
jet  engine. 

How*v*r,  if  th*  engine  control  system  ensures  a  constant  value 
of  gas  temperature  in  front  of  th*  turbine,  a  change  In  atmospheric 
air  temperature  will  h*  accompanied  by  a  change  in  the  rpa  of  both 
rotors,  so  that  th*  rpm  of  the  low  pressure  rotor  will  be  reduced 
with  increasing  T^,  while  the  rpm  of  th*  high  pressure  rotor  is  in- 
c  reased. 
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CHAPTER  13 


TRANSIENT  REGIMES  AND  START-UP  OP  TURBOJET  ENGINES 

'•  B8tl?  P*B*ndencle..  Pick-Up  of  Turbo ut  . . 

IWltHt  rut...  of  turboj.t  engine.  .re  defined 

..  regl.ee  .here  .11  or  .  certain  part  of  the  engine  param.t.r. 
v.ry  over  tlae.  Under  theee  regie,. .  the  engine  ehlfte  from  one 
equilibrium  regime  to  another. 

Trane lent  regime,  of  turboj.t  engine,  .here  the  rpm  v.rie. 
over  time  have  the  greete.t  practical  elgnlflcance,  alnce  the  thrust 
control  of  turboj.t  engine.  1.  eccompll.h.d  primarily  by  mean,  of 
changing  lte  rpm. 

Tranelent  reglaee  with  lncr.a.lng  rpm  are  called  rotor  run-un 
UKiBU..  »hll.  tranal.nt  regia.,  with  decreasing  rpm  are  called 
JCMlUl  or  ram  reduction  realm... 

The  primary  condition  for  tranelent  regime,  or  turboj.t  engine, 
th.t  are  accompanied  by  a  change  In  rpm  1.  the  Inequality  of  turbine 
power  end  the  power  required  to  drive  the  compre.aor  and  the  auxi- 
liary  ■■••■bliss. 

If  the  turbine  power  exceed,  the  power  required  for  the  compr.a- 
eor.  the  engine  rpm  will  Incre...  over  time,  and  an  engine  run-up 
tranelent  regime  will  be  obtained.  The  exc...  turbine  power.  ..N  . 

-  Nk.  1.  coneuaed  for  lncrea.lng  the  kinetic  energy  of  the  englnl 
rotor  in  It.  rotary  motion.  Vh.n  NT  <  Nk>  the  engine  rpm  will  be 
reduced,  and  an  rpm  reduction  tranelent  regia,  will  be  obtained. 
Coring  thl.  proc...  the  kinetic  energy  of  the  rotor  1.  reduced,  elnc. 
It  1.  coneumed  for  overcoming  the  e.rodynemlc  force,  and  friction 
forest  that  lap«d«  its  rotation. 

The  time  required  for  the  engine  rotor  to  run  up  fro-  low 
throttle  rp-  to  maximum  rpm  1.  called  plck-uo  time  and  define, 
thet  Important  operational  quality  of  an  engine  celled  pick-up, 
that  1.  the  capability  of  rapidly  lncrea.lng  th.  rpm  when  the  fuel 
flow  into  th.  combust  Ion  chamber.  1.  Increa.ed.  Th.  .hort.r  th. 
time  required  for  the  rotor  to  run  up  from  n  to  n  .  th.  better 
will  be  the  pick-up  of  th.  engine,  th.  fe.t.r'wlll  ira'rpm  mere... 
and.  con.equ.ntly,  ,h.  thru.t  generated  by  th.  engine.  And  .  rapid 
incre...  of  thru.,,  th.t  1.  .  good  engine  plek-up.  1.  required  for 
.  e«fe  go-.round  of  th.  elrcref,  1„  even,  of  an  unauccaaful 
lending,  for  completing  aerobatic  maneuver.,  for  fa.,  maneuvering 
in  eerlal  combe,,  for  following  an  aircraft  In  fona.tlon  (for  ch... 
aircraft),  and  so  on. 

The  pick-up  Urn.  of  a  turboj.t  engine  1.  proper. ,ona,  to  the 

-omen,  of  Inert!,  of  th.  rotor  and  mu.t  deer . ,th  lncr.a.lng 

air  flowrate  through  th.  engine  and  lncr.a.lng  exc...  of  turbine 
work  over  compret.or  work,  ^  ^  (.„  riRur. 
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This  means  that  the  pick-up  time  will  decrease  with  Increasing 
temperature  T*  in  front  of  the  turbine  during  the  run-up  process 
of  the  turbojet  engine  and  with  increasing  Jet  nozzle  area. 

However,  the  temperature  increase  during  the  run-up  process 
that  is  required  In  order  to  Improve  significantly  the  pick-up  of 
a  turbojet  engine,  Is  limited  by  the  temperature  stability  margins 
AT*  pickup*  especially  at  low  and  intermediate  rpin.  It  is  obvious 
that,  with  decreasing  temperature  stability  margin,  that  is  with 
decreasing  distance  between  the  equilibrium  operating  line  of  a 
turbojet  engine  and  its  compressor  surge  limit,  the  temperature  In¬ 
crease  in  front  of  the  turbine  that  can  be  achieved  during  the  run-up 
process  in  comparison  to  Its  values  under  equilibrium  regimes  will 
be  reduced  and,  consequently,  the  pick-up  of  the  engine  will  deterio¬ 
rate  under  otherwise  equal  conditions. 

Moreover,  a  significant,  although  temporary  Increase  of  tempera¬ 
ture  in  front  of  the  turbine  during  the  run-up  process  (provided 
that  the  temperature  stability  margins  permit  it)  can  cauae  inac- 
ceptable  turbine  blade  overheating. 

For  these  rensons,  turbojet  engines  have  an  available  excess 
of  turbine  power  over  compressor  power  that  is  comparatively  small 
at  all  revolutions  below  maximum  rpm;  it  is  considerably  leas 
than  the  excess  power  of  a  reciprocating  engine  (with  respect  to 
its  external  characteristics)  over  the  power  required  to  drive  the 
propeller.  This  primarily  explains  the  significantly  poorer  pick¬ 
up  of  turbojet  engines  compared  to  reciprocating  aviation  engines. 
Thus,  the  pick-up  time  of  modern  turbojet  engines  during  static 
operation  on  the  ground  is  usually  not  less  than  8  to  10  sec,  while 
reciprocating  engines  require  a  total  of  only  1.5  to  2  sec . 

The  air  flowrate  through  a  turbojet  engine  decreases  with  in¬ 
creasing  altitude  or  Increasing  temperature  and  with  decreasing 
atmospheric  air  pressure,  and  also  with  decreasing  alrspeedi  under 
otherwise  equal  conditions,  this  contributes  to  a  deterioration  of 
engine  pick-up.  But,  as  we  showed  earlier,  the  low  throttle  rpm 
of  a  turbojet  engine  increases  with  increasing  altitude  as  a  result 
of  the  employment  of  a  minimum  fuel  flow  limiter  in  front  of  the 
injection  nosxlea  (minimum  fuel  consueipt  1  on ) ,  so  that  the  low 
throttle  rpei  Increases  with  Increasing  altitude,  and  the  difference 
(n<((j  -  n^  t)  is  reduced.  is  a  result,  the  pick-up  of  a  turbojet 
engine  in  flight  can  be  either  worse  or  better  than  its  pick-up 
under  ground  conditions. 

1.  So.ct.l  f.ntur..  of  th«  Tr.n.l.nt  R.«ti.»  of  Turbol.t  En«in«» 

In  order  to  shift  a  turbojet  engine  to  a  new  equilibrium 
regime  with  Increased  rpm  an  excess  of  turbine  power  over  the  level 
prevailing  at  the  intermediate  equilibrium  regimes  must  be  generated. 
In  other  words,  under  run-up  rogimes  the  turbine  power  at  each 
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intermediate  rpm  must  be  greater  than  the  turbine  power  at  the  same 
rpm  but  under  equilibrium  reglmea,  where  it  always  applies  that 
NT  *  Nk‘  Thla  can  be  achieved  only  (if  f#  .  conat)  by  means  of  in¬ 
creasing  the  fuel  flow,  and  accordingly,  the  temperature  in  front 
of  the  turbine  over  their  values  under  the  intermediate  equilibrium 
regimes . 

However,  in  order  to  shift  a  turbojet  engine  to  a  new  equili¬ 
brium  regime  with  reduced  rpm  the  turbine  power  must  be  reduced, 
that  is,  the  temperature  in  front  of  the  turbine  must  be  reduced 
by  reducing  the  fuel  flow,  below  its  values  under  the  intermediate 
equilibrium  regimes.  * 

To  illustrate  this,  figure  1(57  shows  the  variation  of  fuel 
consumption  Of(J#1  and  temperature  TJ  in  front  of  the  turbine  with 
changing  rpm  under  run-up  regimes  (curves  1  and  1')  and  under  rpm 
reduction  regimes  (curves  3  end  3')  for  one  of  the  existing  turbo¬ 
jet  engines.  Tor  comparison,  the  dependencies  of  fuel  consumption 
and  temperature  in  front  of  the  turbine  on  the  rpm  are  shown  in  this 
figure  for  the  equilibrium  regimes  of  the  seme  engine  (curves  0  and 
0',.  It  is  seen  that  the  fuel  consumptions  Gfuel  and  temperatures 
T»  in  front  of  the  turbine  differ  considerably  at  the  same  inter¬ 
mediate  (transient)  rpm  under  run-up  and  slow-down  regimes  and  under 
equilibrium  regimes. 


,67'  vorlatlon  of  temperature  in  front  of  the 
turbine  and  fuel  conaumptlon  with  changing  rpm  under 
transient  regimes  of  a  turbojet  engine. 

Let  us  consider  the  basic  peculiarities  or  turbojet  engine 
operation  under  run-up  regimes  from  low  throttle  rpm,  n,  to 
maximum  rpm,  a^.  for  this  purpose  we  start  out  by  using  the 
graphs  in  figures  l6ft  and  169.  where  the  solid  lines  represent, 
respectively,  the  dependence  or  Gf(f#l  and  TJ  on  the  rpm  under 
equilibrium  reglmea  of  the  turbojet  ei^ine. 

Depending  on  the  fuel  flow  schedule  the  run-up  regimes  will 
taka  a  different  course.  A  small  increase  in  fuel  flow  over  fuel 
consumption  under  equilibrium  regimes  (ltns  I  in  figure  166)  re¬ 
sults  in  a  comparatively  small  increase  of  ts.per.ture  TJ  in  front 
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of  the  turbine  (curve  1  In  figure  169),  yielding  >  email  exceee  of 
turbine  power,  AN^,,  and  the  pick-up  time  of  the  engine  will  be 
longer.  At  a  stronger  Increase  of  fuel  flow  (curve  2  In  figure 
168)  the  run-up  regime  will  proceed  at  higher  gae  temperatures  In 
front  of  the  turbine  (curve  2  In  figure  l69)t  this  results  in  a 
greater  excess  of  turbine  power,  and  the  pick-up  time  will  be 
shortened.  With  a  strong  fuel  flow  under  a  run-up  regime  the 
temperature  In  front  of  the  turbine  can  also  become  "overheated", 
that  Is  T"  max  will  be  exceeded  at  namx  (curve  2'  in  figure  169, 
and  curve  1  In  figure  167),  which  is  acceptable  up  to  a  cartaln 
limit  because  of  the  temporary  nature  of  the  run-up  process. 


Figure  1681  Variation  of  fuel 
consumption  In  a  turbojet  engine 
under  transient  rogimes. 


Figure  169>  Variation  of 
temperature  In  fro.  of  the 
turbine  of  a  turbojet  engine 
under  transient  regimes. 


From  the  known  values  of  tsmperaturs  In  front  of  the  turbine 
that  are  obtained  for  each  intermediate  rpm,  n^,  during  run-up, 
the  run-up  lines  of  the  engine  can  be  plotted  In  the  field  of 
compressor  characteristics.  This  was  dons  In  figure  170,  where 
the  curve  0  represents  the  equilibrium  operating  line  of  the  engine 
and  the  curves  t,  2,  and  2'  the  run-up  characteristics,  the  first 
or  these  corresponding  to  a  smell  Incrssse  In  fuel  flow  during  the 
run-up  process,  and  the  second  to  a  stronger  Increase  of  fuel  flow. 


Figure  1701  Lines  of  the  transient  regimes  of  s  turbojet 
angina  in  the  field  of  compressor  characteristics. 
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Legends  to  figure  170i 

1  -  surge  limit 

2  -  line  of  the  equilibrium  regimes 

of  the  turbojet  engine 

It  is  seen  that  the  run-up  regimes  as  a  result  of  the  higher 
temperatures  in  front  of  the  turbine  are  located  closer  to  the 
compressor  surge  limit  than  the  equilibrium  regimea  of  the  engine 
and  that  their  distance  from  the  surge  limit  will  decrease  with 
increasing  fuel  flow  and,  accordingly,  increasing  temperature  TJ. 
Therefore,  with  a  strong  fuel  flow  under  a  run-up  regime  of  a  turbo¬ 
jet  engine  (curve  2*  in  figure  1 70 )  compressor  surging  can  develop, 
which  creates  the  danger  of  flameout  and  spontaneous  engine  shut¬ 
down. 

The  location  of  the  run-up  lines  in  the  field  of  compressor 
characteristics  also  shows  that  the  run-up  regimes  take  placo  at 
lower  air  flowrates  through  the  engine  (for  the  same  n)  than  equi¬ 
librium  regimes.  The  greater  the  fuel  flow  during  the  run-up 
process,  the  smaller  will  be  the  air  flowrate  at  which  this  process 
takes  place,  as  illustrated  by  curves  1  and  2  in  figure  171,  where 
the  solid  curve  0  describes  the  equilibrium  regime. 

Consequently,  under  all  run-up  regimoe  the  mixture  in  the 
engine  is  enriched,  or,  in  other  words,  the  excess  of  air  coeffi¬ 
cient  q  is  reduced  in  comparison  to  the  equilibrium  regimes  of  the 
seise  engine,  since  t  a  Figure  172  shows  the  nature  of 

the  rpm  variation  of  a  for  equilibrium  regimes  (curve  0)  and  for 
run-up  regimes  with  a  small  increase  of  fuel  flow  (curve  l)  and  with 
a  stronger  Increase  of  fuel  flow  (curve  2).  The  limits  or  stable 

combustion  chamber  operation  with  respect  to  t  (1  and  a  )  are 

ma  *  min' 

plotted  as  dotted  curves  in  this  figuro. 


Figure  171*  Variation  of  the  Figure  172i  Variation  of  the 
air  flowrate  In  a  turbojet  excess  of  air  coefficient  in 
engine  under  transient  regimes.  the  combustion  chambers  of  a 

turbojet  engine  under  transient 
regimes . 

It  is  roadily  noted  that  the  enrichment  of  the  mtiture  in  the 
combustion  chambers  will  increase  with  increasing  rate  of  increase 
of  the  fuel  flow  during  engine  run-up.  If  the  fuel  flow  |a  too 
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strong,  tile  magnitude  of  the  excess  of  eir  coefficient  a  ceil  be 
roduced  eo  much  that  It  becomee  lee,  than  ■>  (curve  2*  In  figure 
172)  eo  that  Instable  combustion  and  flameoute  develop  In  the  com- 
bustlon  chamber,  thet  can  l.ed  to  eponteneoue  engine  shut-down. 

Thus.  .  strong  Increase  of  fuel  flow  during  the  run-up  of  a 
turbojet  engine  can  lead  to  compressor  surging  as  veil  as  to  riame- 
out  In  the  combustion  chambers  as  a  result  of  overenrichment  of 
the  fuel  and  air  mixture. 

In  order  to  prevent  these  phenomena,  the  fuel  flow  Into  the 
combustion  chambors  during  rotor  run-up  of  a  turbojet  engine  must 
be  limited  by  acceptable  boundary  values  that  are  safe  for  the 
engine.  For  this  purpose  the  control  and  regulating  systems  of 
all  modern  turbojet  engines  are  equipped  with  special  automatic 
maximum  fuel  flow  limiters  that  are  called  automatic  pick-up  sys- 
terns  . 

Under  reduced  rpm  regimes  the  dependencies  considered  above 
are  of  the  opposite  type,  as  indicated  by  lines  3  and  U  In  figures 
168  and  169.  The  curves  3  In  these  figure,  refer  to  a  small  fuel 
flow  reduction  accompanied  by  a  relatively  small  temperskire  change 
in  front  of  the  turhlne,  compared  to  equilibrium  regimes,  so  that 
the  revolutions  are  reduced  slowly.  The  curves  6  reTer  to  a  stron¬ 
ger  ruel  flow  reduction  where  the  temperature  in  Tront  of  the  tur¬ 
bine  Is  reduced  at  a  more  significant  rats  than  In  the  preceding 
case,  increasing  the  difference  (Nk  -  *T)  and  reducing  the  time  re¬ 
quired  for  the  rpm  reduction  or,  In  other  words,  resulting  In  a 
fnatsr  decline  of  engine  rpm. 

It  Is  obvious  that  the  temperature  In  front  of  tho  turbine  Is 
decreased  In  comparison  to  the  Intermediate  equilibrium  reglmos  and 
that  the  rate  of  engine  rpm  reduction  is  accelerated  with  Increas¬ 
ing  rate  of  fuel  flow  reduction  during  the  slow-down  process.  As 
a  result,  the  location  of  the  reduced  rpm  line  In  the  field  of 
compressor  characteristics  (lines  3  and  h  In  figure  170)  will  be 
further  removed  Trom  the  surge  limit  with  Increasing  rate  of  fuel 
now  reduction  and,  consequently,  of  temperature  reduction  In  front 
or  the  turbine.  Consequently,  compressor  surging  cannot  develop 
during  rpm  reduction  or  a  turbojet  engine. 

The  location  or  the  reduced  rpai  lines  In  the  field  of  compres¬ 
sor  characteristics  Indicate,  that  thee,  regimes  take  place  at 
greater  air  flowrates  through  tho  engine  than  for  equilibrium 
regimes.  The  greater  the  rata  of  fuel  flow  reduction,  the  greater 
will  be  the  air  flowrates  at  which  the  rpm  reduction  of  the  engine 
takes  place  (lines  3  and  U  In  figure  171). 

This  naans  that  the  mixture  In  the  combustion  chambers  or 
the  engine  will  become  leaner  under  reduced  rpm  regimes  or,  in 
other  words,  the  excess  of  air  coefficient  a  will  be  Imres 
comparison  to  the  Intermediate  equilibrium  regimes. 


»d  In 
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The  rete  of  this  fuel  richness  reduction  will  be  comparatively 
small  for  a  small  fuel  flow  reduction  (curve  3  in  figure  172).  A 
greater  fuel  flow  reduction  will  cause  the  mixture  to  become  con¬ 
siderably  leaner  (curve  <t  In  figure  172).  An  excessive  rate  of 
fuel  flow  reduction  during  a  drop  In  rpm  can  make  the  mixture  so 
lean  (curve  V  In  figure  172)  that  the  excess  of  air  coefficient 
3  becomes  greater  than  the  acceptable  and  flameouts  begin  In 

the  combustion  chambers,  resulting  in  spontaneous  engine  shut-down. 

It  should  be  noted  that  this  danger  Increases  with  increasing  alti¬ 
tude,  since  In  that  case, as  we  explained  earlier,  the  maximum  value 
amax  w,lore  flameout  begins  in  the  combustion  chambers  will  be  re- 
ducad. 

Thua,  on  abrupt:  fuel  flow  reduction  during  an  rpm  drop  of  a 
turbojet  engine  can  lead  to  spontaneous  engine  shutdown  as  a  result 
of  flameout  in  the  combustion  chambers  due  to  excessive  leanness 
of  the  mixture.  Therefore,  an  automatic  limitation  of  the  minimum 
acceptable  fuel  flow  la  required  not  only  under  equilibrium  regimes, 
as  explained  earlier,  but  also  under  reduced  rpm  regimes. 

In  the  case  or  double-compound  turbojet  englnos  the  rpm  run¬ 
up  and  slow-down  regimes  of  the  high  pressure  rotor  are  qualita¬ 
tively  equivalent  to  the  regimes  of  single-shaft  turbojet  engines, 
but  for  the  low  pressure  rotor  of  a  double-compound  turbojet  engine 
those  regimes  take  place  differently,  for  the  following  reasons. 

As  a  rule,  the  moment  of  Inertia  of  the  low  pressure  rotor, 

Jlo'  U  creator  than  tho  moment  of  Inertia  or  the  high  pressure  rotor, 
Jl.i'  Therefore,  If  the  fuel  flow  Is  reduced  nnd  Fr  •  const,  the 
rpm  and,  accordingly,  the  compressor  compression  ratio  or  the  second 
rotor  will  drop  at  a  faster  rate  than  for  the  rtrst  rotor,  and  the 
air  flowrate  through  the  engine  will  be  reduced  to  a  greater  degree 
than  it  would  be  In  the  case  of.  Tor  instance,  an  Identlral  drop 
in  the  rpm  of  both  rotors.  This  will  have  the  result  that  the  de¬ 
cline  of  the  rpei  of  tho  low  pressure  rotor  takes  place  at  lesser 
air  flowrates  than  for  tho  same  revolutions  of  Its  intermediate 
(reduced)  equilibrium  regimes  where  tho  rpei  or  the  high  pressure 
rotor  exceeds,  as  we  know,  the  rpm  of  the  low  prossure  rotor.  In 
other  words,  the  line  of  declining  rpm  or  tho  low  pressure  rotor  In 
this  case  is  located  closor  to  the  surge  limit  in  the  flel  of  com¬ 
pressor  characteristics  than  the  operating  lino  of  its  equilibrium 
regimes . 

In  this  case,  the  faster  the  rpm  of  the  high  pressure  rotor 
drops  In  comparison  to  the  rpm  of  tho  low  pressure  rotor,  the 
closer  will  the  line  of  declining  rpm  or  the  litter  shift  toward 
tho  coipr«»»or  surge  Unit. 

Consequently,  in  tliv  case  of  double-compound  turbojet  engines 
with  Jh(  <  Jlo  even  a  drop  in  rpm  can  cause  compressor  surging  (of 
the  low  pressure  rotor). 
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Turing  run-up  of  a  douhle-compound  turbojot  engine  with 
Jhl  Jlo  the  rpm  of  t,le  hiBh  pressure  rotor  will  Increase  at  » 
faster  rate  than  the  rpm  of  the  low  pressure  rotor,  providing  an 
additional  Increase  of  the  air  flowrate  through  the  compressor 
of  the  latter  111  comparison  to  Its  equilibrium  regimes,  so  that 
no  surging  can  develop  In  this  compressor.  But  surging  can  de¬ 
velop,  generally  speaking,  in  the  high  pressure  compressor,  for 
the  same  reasons  that  apply  to  the  run-up  of  a  single-shaft  turbo- 
Jet  engine. 

3-  Start-Up  of  Turbo  jet  Pnel  no. 

The  stnrt-up  process  of  a  turbojet  engine  is  also  included 
among  Its  transient  regimes  and  represents  an  engine  rotor  run-up 
from  zero  rpm  to  low  throttle  rpm. 

It  was  shown  In  Chapter  II  that  turbojet  engines  have  minimum 
revolutions  n^  where  the  same  temperature  Is  required  in  order 
to  obtain  an  equilibrium  regime  that  Is  required  under  the  maximum 
regime  of  the  engine,  that  Is  TJ  mnx>  These  minimum  equilibrium 
revolutions  nmln  amount  to  about  10  to  20  $  of  n  .  At  revolu¬ 
tions  below  nmln  the  available  turbine  work  L-  at  T»  Is  less 

as  we  know  (see  figure  1J2),  than  the  compressor  work  L^,  so  that 
self-auatained  operation  of  a  turbojet  engine  at  revolutions  n  < 
nmln  l®  not  without  exceeding  the  maximum  acceptable 

temperature  In  front  of  the  turbine.  Therefore,  an  additional  source 
of  power  Is  required  to  start  a  turbojst  engine,  that  is  a  start¬ 
ing  motor  or  starter  that  Is  capable  of  running  up  the  engine  rotor 
to  that  rpm  where  the  engine  can  already  make  the  transition  to 

9olf-8unt*lnln£  operation  at  T#  ^  T* 

z  z  max 

Klee  trie  starters  operating  on  electric  batteries  or  special 
airfield  power  networks  and  gas  turbine  starters  are  mostly  used 
today.  The  latter  ar.  low-power  gas  turbine  engines  of  small 
dimensions  consisting  or  s  compressor,  combustion  chambers,  and 
s  turbine  whose  power  exceeds  the  power  required  to  drive  its 
compressor  by  tbs  magnitude  that  Is  necessary  to  run  up  the  rotor 
f  the  turbojet  engine.  The  gas  turbine  starter  Itself  Is  started 
with  the  aid  of  a  small  olectric  motor.  Also,  gas  turbines  oparat- 
Ing  on  the  combustion  products  or  s  powder  charge,  on  decomposi¬ 
tion  products  of  hydrogen  peroxide,  on  compressed  sir  stored  in 
tanks,  end  others  can  be  used  at  starting  engines. 

Alsu,  reliable  Initial  fuel  Ignition  in  the  combustion  chambers 
must  be  ensured  when  e  turbojet  engine  le  started,  in  addition  to 
running  up  Its  rotor  with  e  starter. 

Tor  this  purpose  special  starting  devices  ere  used  that 
consist  of  an  electrical  spark  plug  and  s  starting  injector  combined 
Into  one  assembly.  Theee  device,  generate  the  initial  starting 
name  Jett  that  subsequently  ignite  the  fuel  fed  through  the 
primary  operating  Injectors. 
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The  starting  devices  of  turbojet  engines  with  tubular  and 
cannular  combustion  chambers  are  installed  only  in  some  of  the 
flame  tubes  from  which  the  flame  is  transferred  to  the  remain¬ 
ing  flame  tubes  through  a  pipe  system  that  interconnects  all  the 
flame  tubes.  In  annular  combustion  chambers  several  starting  de¬ 
vices  are  installed  along  the  circumference  of  the  common  annular 
flame  tube. 

Either  the  primary  fuel,  kerosene,  or  a  starting  fuel,  gasoline, 
is  used  to  start  a  turbojet  engine.  The  latter  facilitates  start¬ 
up,  but  complicates  the  fuel  system  of  the  engine. 

When  the  engine  is  started  the  starting  devices  are  turned 
on  and  off  automatically. 

Also,  the  starting  system  of  a  turbojet  engine  must  ensure 
a  fuel  flow  dosage  into  the  combustion  chambers  that  exclude  the 
danger  of  turbine  overheating  and  Instable  combustion. 

A  non-operating  turbojet  engine  in  flight  is  in  autorotation, 
meaning  that  its  rotor  is  driven  by  the  counterflowing  air  stream. 
During  this  process  the  rotor  rpm  is  usually  greater  than  the  minimum 
equilibrium  revolutions,  n^.  Therefore,  in  order  to  start  a 
turbojet  engine  in  flight  it  is  adequate  merely  to  ignite  the  fuel 
fed  into  the  combustion  chambers,  and  it  is  not  necessary  to  run 
up  the  rotor  with  the  starter.  However,  in  flight  the  conditions 
for  igniting  the  fuel  in  the  combustion  chambers  of  a  non-operating 
turbojet  engine  are  considerably  aggravated,  for  the  reasons  dis¬ 
cussed  at  length  in  Chapter  6.  Consequently,  reliable  air  starts 
of  turbojet  engines  at  great  altitudes  f.re  ensured  by  using  start¬ 
ing  devices  that  generate  a  starting  flame  jet  of  greater  power  and 
duration  than  required  for  starting  a  turbojet  engine  under  ground 
conditions . 

The  entire  process  of  starting  a  turbojet  engine  with  the  aid 
of  the  starter  consists  of  the  three  following  phases  taking  place 
one  after  the  other  without  Interruption  (see  figure  173)* 


Figure  173t  Diagram  of  the  variation  of  starter  power, 
turbine  power,  and  compressor  power  of  a  turbojst  engine 
during  start-up. 
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First  phase.  Without  feeding  fuel  into  the  combustion  chambers 
the  rotor  of  the  engine  is  run  up  by  the  starter  only,  to  an  rpm  of 
<  nm^n  where  the  turbine  of  the  engine  begins  to  operate  as  a 
result  of  fuel  flow  and  ignition  in  the  combustion  chambers,  generat¬ 
ing  a  net  power  of  N_  >  0  (at  T*  <  T*  ). 

T  z  z  max' 

Second  phase.  The  engine  rotor  is  run  up  simultaneously  by 

both,  the  starter  and  the  already  operating  turbine,  to  an  rpm  of 

n2  where  the  starter  is  disengaged.  The  rpm  where  the  starter  is 

disengaged  usually  amounts  to  n_  ■  (O. 12  to  0.26)n  in  order  to 

2  max 

speed  up  the  starting  process  and  achieve  better  reliability  as 
well  as  to  reduce  the  temperature  in  front  of  the  turbine  during 
the  starting  process. 

Third  phase.  The  rotor  is  run  up  independently  by  the  engine 
to  low  throttle  rpm,  as  a  result  of  the  engine's  excess  tur¬ 
bine  power.  As  a  rule,  starters  are  used  whose  power  N  .  at 

starter 

n  revolutions  exceeds  by  several  times  the  power  N  .  required 
1  rotor 

to  drive  the  entire  rotor  of  the  turbojet  engine,  in  order  to  re¬ 
duce  the  time  required  to  start  up  the  turbojet  engine  and  to  achieve 
better  reliability. 

When  starting  a  double-compound  turbojet  engine  it  is  adequate 
to  run  up  only  one  of  its  rotors  with  the  starter,  while  the  other 
rotor  will  be  driven  under  the  effect  of  the  air  stream  generated 
by  the  run-up  rotor.  But  for  running  up  the  high  pressure  rotor 
a  starter  of  less  power  is  required  than  for  the  low  pressure  rotor. 
This  is  due  to  the  fact  that  the  high  pressure  rotor  has  less  moment 
of  inertia  and,  moreover,  during  its  run-up  with  the  starter  rotates 
in  air  of  reduced  density  (due  to  the  drop  in  air  pressure  when 
the  air  flows  through  the  low  pressure  compressor). 
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CHAPfEN  III 


TirRBOPHOP  ENGINES 


it  th  #  "°’t  i-P°rUnt  of  a  turbojet  engine  I,  „,.t 

it.  thruot  v.rio.  .radually  with  incr...l„g  air.pe.d  snd  .ub„. 

thru.t  . . .  ‘°  *  C,r‘*ln  *°P#r*°n1'  -hit.  tho 

(TSJ  ^  “  r*Clpr°-‘in«  — 1~  -  Propeller  Pl.„t 

VMU)  doer.....  rapidly  .1,  th.  time.  A.  .  th.  turboJot 

online  Provide.  th.  thru.t  r.quir.d  .t  high  air.pe.d.  for  .  low 

:  and  •P'Clflc  con.ld.r.b,y  ,...  tMn 

of  .  reciprocating  engine.  Thi.  t.  al.o  th.  r.n.on  why  th. 

°f  tUrb0j“  ,n*ln”  "'’k“  **  po.aibl.  to  reach  air.po.de  th.t 
."not  b.  .chuv.d  with  reciprocating  ongin.  .nd  prop.n.r  pUnt.. 
The  dle.dv.nt.g.  of  .  turbojet  engin.  ..  compared  to  .  re. 
c  proc.ting  engine  and  pr0p.n.r  plant  t.  lt.  |ow.p  .cononly  at 

th!  d  ^  *l0“  •lr*P"d"  T°  figur.  ,74  .how. 

Itr;  °f  tl”  'P,,Clfle  fUe‘  C°B*°-P“0n-  C.p*  —  ooonomlc 
lcienclee  (dott.d  curve.)  of,  turbojet  engine  a  reciprocal 

n  th."*!"!  T  Pr°P‘U,r  PUn‘  °"  th#  “tr,P"d-  14  . . that, 

example  coneid.r.d  here,  th...  .„gi„„  ,r.  .qulvBl.nt 

re.pect  to  .conomy  only  at  air.pe.d  «f  about  900  Km/h  (thl,  >lr. 

he  «™o  7"  P*r“CUUr  th«  At  greater  alr.p..d. 

„  "7  °f  •  tUrb°Jet  «r..t.r,  and  at  a,r.p..d.  1... 

a  r.c  l  e‘t  !d  ‘b°VB  “  “  COn*ld«r-bl>'  1—  than  th.  .conomy  of 
a  reciprocating  .ngin.  and  propeller  plant. 


Illi  i  i:  : Avj 


r-  j  •con 


-«**  S.-1  <w  I  i-.-yh 

•nd  •*‘ficUncl«*^d*nC*onrthb*a*rlDtfdC  fU*h  con,unPt ‘on. 
for  .  turbojet  engt{tfn{TRD)  and  I  r  ?  *  "lrcr»<-t. 

•nd  P^p.llir  pj."  (vw):1Pr°C"tlrV!  °"^"® 

Legend.  , 

i  -  San^nT*1-  ,nd  prope“- 


l.r  plant  1.  .qull'to^h^produc  t  of '^th^'^rr"1  ®n*in<l  "nd  Prop.l- 
•  ngin.  .„d  the  efficiency  S?  t£  “I  *?!  °rr*ctlv*  Tftctency  of  the 
sumption  or  *  rec ipnocat ing^eng inland ^nron- 1 , b®  ,p*ctrtc  fu"‘  «»-*' 

by  dividing  th.  p.r  hour  fS.l  ionium.  Mon e!r  pU,,t  U  ol>t.lncd 
<ln  *«)  generated  by  the  propeller.  P  f  th*  e,v,lne  bV  ‘hr  thru.f 
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As  a  result  of  ths  dU«dvnntag#a  of  turbojet  «ngtnM  mentioned 
above  a  requirement  arises  for  e  cortein  category  of  aircraft  (of 
long  range  and  not  very  high  maximum  airspeed )  to  have  an  engine 
that  would  combine  the  weight  and  thrust  advantages  of  the  turbojet 
engine  at  high  airspeeds  with  the  advantages  of  the  reciprocating 
engine  and  propeller  plant  during  taka-off  and  at  relatively  slow 
airspeeds.  Turboprop  engines  (TVD)  belong  to  this  category  of 
engines « 

A  simplified  diagram  of  a  turboprop  engine  is  shown  in  figure 
175 •  This  engine  differs  from  a  turbojet  engine  in  that  its  turbine 
also  rotates  the  propeller  1  via  the  reducing  gear  5»  in  addition 
to  driving  the  compressor  2  and  auxiliary  assemblies. 


Figure  175*  Diagram  of  a  s tng le -turbine  turboprop  engines 
1  -  propellerj  2  -  compressor!  3  -  combustion  chambers! 

U  -  turbine}  5  -  reducing  gear. 


Figure  1761  Diagram  of  a  turboprop  engine  with  two  separate 
turbines* 

1  -  propeller!  2  -  compressor!  3  -  combustion  chambers}  b  - 
compressor  turbine;  5  -  propeller  turbine;  6  -  reducing  gear. 

In  some  turboprop  engines  the  propeller  is  rotated  by  a 
separate  turbine  that  is  not  mechanically  connected  to  the  compres¬ 
sor  turbine  (see  figure  176);  this  makes  it  possible  in  a  number  of 
cases  to  accomplish  a  more  flexible  engine  control.  Also,  double¬ 
shaft  (twin-spool)  compressors  are  sometimes  used  in  turboprop 
engines  (see  figure  177)*  In  that  case,  one  turbine  is  used  to 
drive  the  last  compressor  stages  while  the  other  drives  the  first 
compressor  stages  anti  the  propeller. 


Figure  177*  Diagram  of  a  turboprop  engine  with  twin-spool  compressor. 
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The  number  of  turbin.  stages  in  modem  turboprop  engine,  will 
not  be  1...  then  two  end  will  frequently  reach  flvo  to  ,lx_  Thu 
1.  due  to  th.  neceeeity  of  accomplishing  ,  large  h.et  drop  in  the 
turbin.  end  th.  indention,  et  th.  eem.  time,  of  reducing  the 
urbtn.  rpm  for  the  purpoe.  of  reducing  th.  tr.n.ml.eion  retlo  and, 
eon.equ.ntly,  reducing  the  si*.  ,„d  weight  of  th.  reducing  g„r. 

of  th  r!”1'*  th'  Pr“""ry  * l#"*nt ’  ,nd  «*»~t.ri.tic  croeaectione 

of  th.  flow  ..ction  of  e  turboprop  engin . .  to  th.  d..- 

crlpt lonfi  gi von  for  turbojot  •nglnos. 

Th.  ua.ful  work  of  th.  cycl.  of  e  turboprop  engine  1.  ua.d  to 
drlv.  th.  prop. Her  .nd  to  .cc.l.r.t.  th.  ga.  ,„d  ,tr  ,tr..m  flow_ 

W  through  th.  engine,  .o  thet  w.  c.n  writ,  for  th.  ectu.l  cycle 
or  A  turboprop  origin* 


L  /r;  ♦ 

prop'  red  c 


-  V*/2g’ 


wh»r«  Lprop  1»  th.  work  transferable  to  th.  propeller  end  referred 
to  on.  kg  of  air  flowing  through  the  turboprop 
per  second) 

C«  le  the  gas  exhaust  velocity  from  th.  engine, 

"red  I-  th.  efficiency  of  th.  reducing  g..r  of  th.  turboprop 
engine. 

However,  it  i.  readily  noted  that  th.  profile  of  th.  cycl.  1. 
not  dependent  on  th.  nature  of  th.  eub.equ.nt  utilization  of  the 

all  th  7k  °bt',ln8d  *“  "  r8*UU  0f  reallantion.  Therefore, 

«U  th.  ba.ic  relation, hip,  .„d  r.guleritie,  e.tabli.hed  earlier 

id"efth9thtUdy  °f  thB  CyCl”  °f  th*  turboj8t  i»  f-uy 

alid  for  the  turboprop  engine,  ns  well. 

no,  ^r  ‘°tal  thrU,,t  ”  8<,n8r"“d  b*  th»  1  urboprop  engine  1.  COm. 

*  thruBt  Pprop  generated  by  the  propeller,  and  the  re¬ 
stive  thrust  PR  Obtained  a.  a  result  of  the  acceleration  of  the 
eaa  and  air  stream  flowing  through  the  engine,  that  ia 

P  ■  P  +  P  . 
prop  r* 

In  turboprop  engines  the  distribution  of  the  useful  work  of 

"T1-  thB  aV*llahle  *ntrg*  Le  Propeller  rotation, 

that  is  the  generation  of  propeller  thrust,  and  acceleration  of 

thrust*  i  h  th“  Bn*ine’  th8t  1S  the  of  reactive 

thrust,  ia  determined  by  the  relationship  x  .  L  /l 

iTisTTv  thB  purpo,#  and  °peratin*  -«■  .ngj.. 

It  is  obvious  that  the  thrust  generated  by  th.  propeller  increas^e 
and.  accordingly,  the  reactive  thrust  decreases,  with  increasing 
“  giV8n  ma«nltud8  of  L.,  that  is  with  increasing  co.ffi- 
is  t  °  -ene'"e>’  dlstrlbu‘ion,  x.  The  magnitude  of  the  energy  that 

t  :a::  t*h  * tha  propeiiar  ia  - «- ~ 

ratio  in  the  turbine,  the  greater  th.  ... 

greater  the  gas  expansion  ratio,  the 

pmp  II  i111  th  th*  °0,fficieI,t  x<  In  th»  majority  of  modern  turbo- 

the  turbine'*  ^  **P“nd*d  *°  alBO,t  »‘»o.pheric  pressure  in 

turbine,  so  that  th.  reactive  thrust  is  obtained  primarily  ..  . 
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result  of  the  gas  outlet  velocity  from  the  turbine,  without  subse¬ 
quent  gas  expansion  In  a  Jet  noxale.  As  a  rule,  in  static  operation 
and  at  alow  airspeeds  the  thrust  generated  by  the  propeller  of  a 
turboprop  engine  will  exceed  the  reactive  thrust  of  the  turboprop 
engine  seven  to  nine  tiaise. 

The  distribution  of  the  available  energy  of  a  turboprop  engine 
will  be  optimised  at  the  ainxlmum  engine  economy  under  the  given  con¬ 
ditions  . 

Calculations  show  that,  with  lncraaslng  airspeed  end  decreas¬ 
ing  magnitude  of  available  energy,  decreasing  propeller  efficiency, 
and  decreasing  turbine  efficiency,  that  part  of  the  available  energy 
which  must  be  transferred  to  the  propeller  will  decrease,  correspon¬ 
dingly  Increasing  ths  portion  of  energy  used  for  the  generation  of 
reactive  thrust  or,  In  other  words,  reducing  x  ■  Lprop/L.*  ■ri«ur* 
178  shows  tho  dependence  of  optimum  energy  distribution  *opt  on  the 
airspeed  for  a  turboprop  engine  with  a  compressor  compression  ratio 
n *o  ■  8,  temperature  TJ  ■  1200°K  In  front  of  the  turbine,  nj  ■  0.88, 
and  -  a  0.88.  Tho  dotted  curve  In  this  figure  Indicates  the  de¬ 
pendence  or  the  efficiency  *lprop  used  for  designing  the  propeller 
on  the  *  n 1 rapeed .  It  Is  seen  that  In  this  example  the  coefficient 
x  becomes  close  to  zero  at  an  airspeed  of  about  1,150  km/h  so 

opt 

that,  consequently,  there  is  no  advantags  in  using  such  a  turboprop 
engine  under  these  circumstances. 


Figure  1 78 j  Dependence  of  the  optimum  energy  distribution 
(xopfc)  In  a  turboprop  engine  on  the  airspeed. 

i .  Power.  Thrust,  and  Specific  Parameters  of  Turboprop  Engines 

The  thrust  generated  by  a  propeller  In  flight  can  be  expressed, 
as  we  know,  by  the  power  supplied  to  the  propeller,  that  is  by  the 
effoct  tve  power  of  the  engine,  the  efficiency  ^prop  of  tho  propel¬ 
ler,  and  the  airspeed,  so  that 

p  .  75  N  r  /V. 
prop  e  prop' 


Tho  reactive  thrust  equals 


Is  the  per  second  weight  flowrate  of  air  through  the  engine; 
is  the  velocity  of  the  combustion  products  in  the  outlet 
cross-section  of  the  engines 
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Thu»,  the  total  thruat  of  a  turboprop  engine  in  flight  will 

•qual 

p  *  75  VV  Vop  *  V*  <e.  •  y)-  (14.1) 

Aftor  dividing  thlo  expreaslon  by  Gp  us  obtain  tbs  specific 
thrust 

P.p  *  75  V°.V  Vop  ♦  '/«  -  V).  (,9.2) 


■P 


where  N 


75i»  n 

a  sp  prop 


/v  ♦  pn 


•p’ 


a  ap  “  Lprop/7*  th*  •poclfie  affactivs  power  of  tha  anginal 
PR  ap  11  the  •pocific  raactiva  thruat. 

During  static  oparatlon,  qprop  .  0  and  V  .  0,  so  that  tha 
formulas  cltad  abova  bacoaia  indafinita.  In  that  caaa  v.  can  us. 


S  aa  tha  coafficiant  that  datamlnas  the  static  propeller  thruat 
refsrred  to  tha  power  Np  that  is  tranafarrad  to  the  propeller.  In 

that  CSS*.  r, 

P.-WlAr. 

(l4.J) 


end  n  f 

Tor  powerful  anglnaa  at  th.  rpm  for  which  tha  propeller  is 
designed,  3  a  t.05  to  1.15.  Aa  a  rule,  3  »  1 .  1  is  used  for  comps- 
rative  calculations. 

The  notion  of  tha  so-called  equivalant  power  of  a  turboprop 
angina  la  often  used  for  convenience. 

The  gaulvqlont  powpr  ia  defined  aa  the  power  that  would 

be  required  to  drive  a  propeller  generating  a  thrust  that  is  equal 
to  the  total  thrust  of  the  turboprop  engine,  that  is 


or,  at  V 


N.q  *  pv/75rtprop  .  Ne  a  P„V/75Vop 


(14.4) 


,v  -  .'Va'  +  '> 

eq0  U  n'.+  ? 


The  ratio  between  and  the  per  second  weight  flowrate  of 

air  through  the  engine  is  the  specific  eoulvalent  newer,  that  is 


eq  sp 


e  sp 


VP_  /75^ 

R  sp'  prop 


( 14 . 5  ) 

As  a  rule,  the  economy  or  a  turboprop  engine  is  evaluated 
by  its  specific  equivalent  fuel  consumption,  C  ,  determined  as 
the  retio  between  the  per  hour  fuel  consumption\nd  equivalent 
power r 

ceq  *  Gfuel/Neq  (kf/«<lu-  HP  per  hour)  (14.6) 

After  dividing  the  per  hour  fuel  consumption  of  a  turboprop 
engine  by  its  total  thrust  we  obtain  the  specific  fuel  consumption 
referred  to  one  kg  of  thrust t 


Csp  *  Gfuel/p  of  thrust  per  hr)  (l4.7) 

that  is  convenient  to  use  for  comparative  evaluation  of  turboprop 
and  turbojet  engines. 
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Substituting  O*  ,  ■  C  N  in  the  last  fonauU.  and  taking 
rut l  vq  iq 

into  consideration  that  P  ■  75N  n  /V,  we  obtain  tha  dapandanca 

eq  prop 

betwesn  C  and  C  which  iai 
•  P  •<! 

C  •  C  V  /  75T  (ifc.B) 

ap  aq  '  'prop  '  ' 

and  for  V  ■  0 

C.p  0  ■  C.q  o/»- 

Tha  thermal  economy  of  a  turboprop  angina  ia  daacribad  by  ita 
affactlvq  afficiancy  n#  that  ia  aqual  to  tha  ratio  batwaan  tha  haat 
convartad  into  useful  work,  that  ia,  tha  work  corraapond Lng  to  tha 
aquivalant  powar,  and  tha  conauaad  haat.  Tha  uaaful  work  of  a 
turboprop  angina  aquala  73N#^,  and  tha  haat  conauaad  in  ordar  to 
obtain  it  ia  datanainad  by  tha  calorific  capacity  Hu  of  tha  fual 
and  the  fual  conauaiption  par  aacond  which,  obvioualy,  aquala 
/36OO.  Conaaquant ly ,  wa  can  writa  for  tha  affactiva  afficiancy  of 
a  turboprop  angina 

n.  ■  75  •  3600N„/l,27HllC.qN((q  -  632/HuC.q  (14.9) 

whara  632  is  the  thermal  aquivalant  of  ona  horsepower  par  hour. 

Va  note  that,  at  a  given  fual  caloricity,  the  effective  ef¬ 
ficiency  is  the  reciprocal  magnitude  of  specific  fuel  consumption 
and,  consequently,  is  dependent  on  the  same  factors  as  the  latter. 

The  specific  weight  of  a  turboprop  engine,  too,  can  be 

referred  to  total  thrust  as  well  as  to  effective  or  equivalent 
power. 

The  specific  parameters  considered  above  have  approximately 
the  following  magnitudes  for  existing  turboprop  engines  operating 
at  the  maximum  designed  regime  in  static  operation  on  the  ground 
under  standard  atmospheric  conditional 

Ne  sp  ’  200  to  300  ,,p/k*  of  alr  per  sec; 

Neq  sp“  HP/kg  of  air  per  sec; 

sp  "  kg  of  thrust/kg  of  air  per  sec; 

■  0.220  to  0.3^0  kg/equivalent  HP  per  hour; 
g#n^  »  0.2  to  0.3  kg/equivalent  HP, 

3 .  Dependence  of  the  Specific  Power  and  Economy  of  a  Turboprop 
Engine  on  the  Parameters  of  the  Operating  Process 
In  considering  the  effect  of  the  parameters  of  the  operating 
process  on  the  power,  thrust,  and  economy  of  a  turboprop  engine 
we  shall  assume  for  simplified  reasoning  that  the  engine  has  one 
common  turbine  for  compressor  and  propeller,  in  which  the  gas  is 
completely  expanded  to  atmospheric  pressure. 

The  power  that  can  be  utilized  to  drive  the  propeller  of  a 
turboprop  engine  equals  the  difference  between  the  shaft  power 
of  the  turbine  and  the  power  required  to  drive  its  compressor,  N^, 
and  auxiliary  assemblies,  N^, 
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Therefore*  if  we  take  Into  account  tha  losses  In  tha  propeller 
reducing  gear*  tha  affactlva  povar  of  a  turboprop  engine*  or  tha 
power  that  la  tranafarrad  dlractly  to  lta  propallar,  will  aqual 

N,  “*  (<Vf 

Tha  turblna  powar*  aa  wa  know*  aquala 

N,-  ,'ff  *,1,. 

and  tha  compraaaor  powar 

N,  •  G  L*  . /  v  • 
k  a  ad  k'  'k 

Tharafora*  aaaumlng  that  tha  axcaaa  turblna  powar  aa  a  raault  of 
Gg/G^  >  1  aquala  thv  powar  Nr*  wa  can  wrlta  for  the  specific  af¬ 
factlva  powar  of  a  turboprop  engine 

Ne  »p  "  I’VV  /  *  ‘  LSd  k^k*  r'r.d/75.  (Ilf.  10) 

It  followa  from  thla  axpraaalon  that  tha  apeclflc  effective  power 
of  a  turboprop  engine  depends  on  tha  same  parameters  as  the  apecl¬ 
flc  thrust  of  a  turbojet  angina*  that  la  on  tha  temperature  T*  In 
front  of  tha  turbine,  the  compressor  compression  ration  £,  the  tur¬ 
bine  efficiency  np*  the  compressor  efficiency  r^,  and  in  addition, 
on  the  efficiency  of  the  propeller  reducing  gear. 

Under  otherwise  equal  conditions  the  specific  effective  power 
increases  continuously  (in  accordance  with  the  linearity  rule) 
with  increasing  temperature  TJ  in  front  of  the  turbine,  since  hT 

increases  proportionally  to  T*.  The  dependence  of  N  and  P_ 

z  e  s  p  n  s  p 

on  T*  for  tt  £  ■  8  and  njJQ  -12;  «  0.85|  TJk  *  0.85|  Hred  ■  0.97; 

ac  c  ■  0.95*  under  test  stand  conditions  (V  ■  0)  and  in  flight 
(Mh  ■  0.8  and  H  «  11km)  is  shown  in  figure  179.  It  is  seen  that 
increasing  the  temperature  T*  is  a  very  effective  means  of  aug¬ 
menting  the  power  of  a  turboprop  engine. 


Figure  179*  Dependencies  of  the  specific  power  and 
specific  reactive  thrust  of  a  turboprop  engine  on  the 
temperature  in  front  of  the  turbine. 

The  dependence  of  N  and  Pn  on  th«*  compressor  compression 

e  sp  It  sp 

ratio  tt  *  for  different  values  of  temperature  in  front  of  the  tur¬ 
bine  and  otherwise  identical  magnitudes  as  used  in  the  preceding 
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oxasiple,  l.  shown  in  figure.  ISO  and  182.  It  la  aaan  that  tha 
.pacific  aff.ctlv.  powar  Initially  lncraaaaa  with  Increasing  com- 
pr.a.lon  ration  j.  and  aub.aqu.ntly  b.gln.  to  d.craaa.  aftar  roach- 
tng  «  maximum. 

Thla  typa  of  dapandanca  of  th.  .pacific  powar  on  n  J  for  T.  . 

-  con.t,  that  la  corract  at  MH  .  0  .a  wall  aa  In  flight  whars  * 

M|(  >  o,  la  duo  to  tha  aana  cauaaa  aa  tha  natura  of  th.  dapandanca 
of  the  .pacific  throat  of  a  turboj.t  angina  onn  j.  Th„.  e,u,„ 
ware  dlacusaod  nt  length  In  Chapter  9. 

The  grantor  tho  tomparatura  In  front  of  tha  turbine,  tha 
greater  will  bo  tho  product  of  turbine  efficiency  and  compressor 
efficiency,  and  tho  greater  will  also  bo  th.  compra.aor  compression 
ratio  for  which  tha  maximum  of  .pacific  aff.ctlv.  powar  la  obtained 
*hl*  co"Prooolon  ratio  decrease,  with  increasing  airspeed  and  da- 
crsaalng  altitude. 


of 


Tho  .pacific  power  will  increase  with  Increasing 
turbine  or  compressor,  but  to  a  different  degree. 


efficiency 
Thla  la  seen 


directly  from  formula  (19.10). 
'lc  ,l  "j  ■  10  and  TJ  e  1200  and 


The  dependence  of  on  and 

1900°K  la  shown  In  figure  181  for 


"n  ■  0  a™1  "h  ■  °-8-  Th#  »olld  Unee  in  this  figure  ref ar  to  th. 


cns.  Where  .  const  but  the  turbine  efficiency  n  vari.si  the 
dotted  lines  correspond  to  .  const  at  variable  compr.s.or  of- 
flciency  r  ^ . 


!• - VyK/t'G  \ _ ^ 

^  a  V  wi/  o’v  id 

Figure  18O1  Dependence  of  the 
specific  power  of  a  tuiboprop 
engine  on  the  compression  ratio 
of  the  compressor. 


Figure  18 it  Dependence  of 
the  specific  power  01  a  turbo¬ 
prop  engine  on  the  efficiencies 
ol  turbine  and  compressor. 


It  is  seen  from  the  graphs  in  figure  181  that  a  variation  of 
turbine  efficiency  and  compr.esor  efficiency  hue  a  strong  effect 
on  the  magnitude  of  effective  engine  power,  and  that  this  effect 
becomes  stronger  with  decreasing  temperature  in  front  of  th.  tur¬ 
bine  end  decreasing  flight  Mach  numb.r  .  Moreover,  Increasing 
the  turbine  efficiency  will  always  result  In  s  greater  increase 
of  effective  engine  power  then  Increasing  the  compressor  efficiency 
by  the  same  amount.  Thiels  du.  to  the  fact  that  th.  turboprop 
engine  differs  from  the  turbojet  engine  in  that  Its  turbine  power 
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considerably  exceeds  the  power  required  by  the  coeipreeeor  eo  that, 
at  Identical  caiepreeeor  efficiency  and  turbine  efficiency,  the 
absolute  Magnitude  of  the  losses  is  greater  In  the  turbine  than 
In  the  coeipreeeor. 


r 

-1 

a 

sU 

CZ2 

a 

□ 

Figure  1021  Dependence  of  the  epeclflc  reactive  thruet 
of  a  turboprop  engine  on  the  compression  ratio  of  the 
compressor* 

Figures  103  and  1 84  show  the  dependencies  of  the  epecific  fuel 
consumptions ,  and  C^,  on  the  temperature  in  front  of  the  tur¬ 
bine,  T*. 

It  ie  seen  that  the  specific  fuel  consumptions  of  a  turboprop 
engine,  unlike  those  of  a  turbojet  engine,  decrease  continuously 
with  increasing  temperature  in  front  of  the  turbine.  This  type 
of  dependence  of  the  specific  fuel  consumptions  of  a  turboprop 
engine  on  the  temperature  T*  is  retained  under  any  flight  condi¬ 
tions  and  la  explained  as  follows. 

— j - \n*ttK*\ 

p-j 


OJKO  1 - — 


l-o  1  FTr^- 
_ _ • _ 


/cob  7Ioo  773b  Tooorp.t 

Figure  183*  Dependence  of  the  Figure  104 1  Dependence  of  the 

specific  fuel  consumptions  of  a  specific  fuel  consumptions  of  a 

turboprop  engine  on  the  tempera-  turboprop  engine  on  the  tempera 

ture  in  front  of  the  turbine,  ture  in  front  of  the  turbine, 

for  H  ■  0|  V  ■  0.  for  Mm  *  0.8  and  H  ■  11  km. 

It  is  seen  from  formulas  (l4.8  and  14.9)  that  the  specific 
fuel  consumption  of  a  turboprop  engine  depends,  under  otherwise 
equal  conditions,  on  the  effective  efficiency  r\  of  the  engine 
and  the  propeller  efficiency  But  the  latter  is  not  dependent 

on  the  parameters  of  the  operating  process  of  the  engine,  includ¬ 
ing  the  temperature  T*.  However,  the  effective  efficiency  *1^  of 
a  turboprop  engine  increases  with  increasing  temperature  T*  and 
under  otherwise  equal  conditions  (for  the  same  reasons  as  the 
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•ff.ctiv.  .fflcl.ncy  of  a  turbojet  angina),  with  th.  oth.r  dir.ct 
ro.ult,  a.  .ho,n  above ,  thet  the  epeciflc  fuel  consumption.  of  a 
turboprop  angina  d.cr.ae.  with  increasing  TJ.  Thue,  incr.a.ing  th. 

6a.  temperature  in  front  of  the  turbine  contribute  not  only  to  an 
augment nt 1  on  of  the  power  and  thruat  of  a  turboprop  engine,  but  in 
addition  alwaye  leads  to  an  lnera...  in  lte  economy. 

figure  185  ehowe  the  dependence  of  the  .pacific  fuel  coneumptlone 
of  a  turboprop  angina  on  th.  compr.a.or  compr.e.lon  ratio  at  dif¬ 
ferent  valuae  of  temperature  in  front  of  the  turbine,  for  u  .  o, 

Hq  •  O,  and  Mh  .  0.8,  H  -  II  km,  and  for  tha  earn,  initial  data  aa 
in  th.  preceding  example..  It  follow,  from  th...  graph,  that  th. 
epeciflc  fuel  con.umptlon  decree...  with  lncr.aalng  compr.a.or  com¬ 
pr.e.lon  ratio  and  subsequently  begin,  to  lncr.ae.  after  reaching  a 
minimum.  Her.  the  optimum  compreeeion  ratio  lncr.ae.e  with  lncr.ae- 
ln«  temperature  in  front  of  the  turbine. 


Figure  1851  Dependence  of  the 
specific  fuel  consumption  of  a 
turboprop  engine  on  the  comorea- 
slon  ratio  of  the  compressor. 


Figure  1861  Dependence  of  the 
specific  fuel  consumption  of  a 
turboprop  engine  on  the  effi¬ 
ciencies  of  turbine  and  compressor. 


Thla  type  or  dependence  of  the  specific  fu.l  consumptions  of 
a  turboprop  engine  on  the  compressor  compression  ratio  n»  Is  due  to 
the  direct  effect  of  the  latter  on  the  effective  efficiency  of  the 
engine,  .  ihe  effective  efficiency  of  ■  turboprop  engine  initial¬ 
ly  increases  with  increasing  nj>,  reaches  a  maximum  value,  and  sub¬ 
sequently  decreases  Tor  th.  same  reason,  as  the  effective  effici.ncy 
Of  a  turbojet  engine  (see  Chapter  9).  It  is  obvious  that  the 
maximum  of  effective  efficiency  correspond,  to  a  minimum  of  the  sped 
flc  fuel  consumptions  of  a  turboprop  engine. 


The  nature  or  the  effect  of  turbine 
efficiency  on  the  economy  of  a  turboprop 


efficiency  and  compressor 
engine  is  obvious  from  the 


preceding  relationship 
turbine  efficiency  the 
engine  decreases  at  the 
increases  during  this  p 


and  is  shown  in  figure  186.  With  increasing 
spec i ftc  fuel  consumption  of  n  turboprop 
same  rate  as  the  specific  power  of  the  engl 
rocess . 


ne 
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However,  with  increasing  cofiprtiaor  efficiency  th.  .pacific 
fu«l  consumption  dtonaiaa  ait  a  slower  rata  than  for  tha  same  in- 
craaaa  of  turblna  afflclancy,  alnca  in  thia  caaa  tha  temperature 
T£  at  tha  coapraaaor  outlat  la  raducad  (at"  £  .  conat  and  ^  .  conat), 
resulting  In  an  Incraaaa  of  tha  temperature  dlffaranca  (t*  -  Tj) 

If  T»  ■  conat  and,  conaaquantly,  In  an  incraaaa  of  the  quantity  of 
haat  addad  to  tha  air  in  tha  coiabuation  chanoara. 

*■  Throttling  Charac tarlatlca  of  Turboprop  Engines 

Th*  charactarlatlca  of  a  turboprop  engine  are  defined 

*•  the  dependencies  of  the  effective  power,  specific  fuel  consumption, 
and  reactive  thrust  on  the  rpm  at  a  given  airspeed  and  altitude  (or 
at  V  «  0  and  M  ■  0) . 

\e  a  rulu,  these  characteristics  are  provided  in  the  form  of 
curves  plotted  on  the  basis  of  teat  stand  engine  trials,  and  the 
principal  engine  data,  referred  to  the  maximum  (take-off),  rated, 
and  cruising  regimes  as  well  as  the  low  throttle  regime  of  the  engine, 
are  recorded  in  these  characteristics,  as  in  the  case  of  the  turbo¬ 
jet  engine.  All  of  these  regimes  are  similar  to  the  corresponding 
regimes  of  turbojet  engines. 

The  typical  rpm  profile  of  turboprop  engine  characteristics 
1.  .hown  In  l'lgur.  187.  It  1.  ...n  that  th.  effective  power  end 
the  reectlv.  thruat  end,  consequently,  .he  total  thruat  of  a  turbo¬ 
prop  engine  decrease  rapidly  with  decreasing  rpm,  while  the  specific 
fuel  consumption  Increases  very  significantly  during  this  process. 

Thl.  la  due  to  the  reduction  of  the  air  flowrate,  temperature  in 
front  of  the  turbine,  and  compressor  conprssslon  ratio  with  decreas- 
ing  rpm,  that  1.  to  the  same  cause,  that  result  in  the  reduction  of 
thruat  and  the  increase  of  specific  fuel  consumption  of  a  turbojet 
engine  with  decreasing  rpm. 


figure  187:  Throttling  characteristics  of  a  turboprop 
engine. 

The  degree  of  variation  or  the  effective  power,  thrust,  and 
specific  fuel  consumption  of  a  turboprop  engine  with  changing  rpm 
depends  very  strongly  on  the  control  schedule  selected  fer  the 
angina.  Let  us  consider  this  problem  in  more  detail,  assuming  for 
simplified  reasoning  that  the  engine  h„s  a  common  turbine  for  the 
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compressor  and  the  propeller  in  which  the  gas  is  expanded  to  atmo¬ 
spheric  pressure  under  all  regimes,  and  that  the  outlet  cross-sec¬ 
tion  area  of  the  engine  (of  the  Jet  nozzle)  is  not  variable.  Let 
us  note  that  these  are  the  most  characteristic  conditions  for  the 
overwhelming  majority  of  modern  turboprop  engines. 

In  order  to  accomplish  an  equilibrium  regime  of  a  turboprop 
engine  the  power  N^,  generated  by  its  turbine  (or  turbines)  must 
equal  the  sum  of  the  powers  required  to  drive  the  compressor,  N^, 
the  propeller,  Npr0p»  anc*  auxiliary  assemblies,  Nr.  If  we 
determine  the  turbine  power  from  the  air  flowrate  through  the 
engine  (and  not  from  the  sum  of  the  flowrates  and  if 

we  neglect  the  losses  in  the  propeller  reducing  gear,  we  can  write 
this  basic  condition  for  the  equilibrium  regimes  of  turboprop  engines 
as  follows i 

n_  «  N,  +  ti  t 
T  k  prop 

In  other  words,  under  equilibrium  regimes  the  effective  power 
of  a  turboprop  engine  that  is  transferred  to  its  propeller  must  be 
equal  to  the  power  required  to  drive  the  propeller,  that  la 


Under  given  external  conditions  the  turbine  power  depends,  as 
we  know,  not  only  on  the  rpm  but  also  on  the  gas  temperature  in 
front  of  the  turbine,  while  the  compressor  power  depends  only  on 
the  rpm.  However,  the  power  required  to  drive  the  propeller  de¬ 
pends,  in  addition  to  the  rpm,  on  the  angles  of  attack  of  the 
propeller  blades.  The  greater  these  angles  are,  the  greater  will 
be  the  power  required  to  drive  the  propeller  at  a  given  rpm. 

Consequently,  the  regime  of  a  turboprop  engine  can  be  varied 
not  only  by  controlling  the  fuel  flow  into  the  combustion  chambers 
(by  changing  the  gas  temperature  in  front  of  the  turbine)  but  also 
by  controlling  the  propeller  which,  consequently,  is  an  additional 
controllable  element  of  a  turboprop  engine.  This  makes  it  possible, 
when  necessary,  to  accomplish  also  an  independent  variation  of  the 
rpm  of  a  turboprop  engine  and  of  the  temperature  in  front  of  the 


For  instance,  let  it  be  necessary  to  change  the  temperature 

in  front  of  the  turbine  of  a  turboprop  engine,  keeping  the  rpm 

constant.  If  the  temperature  in  front  of  the  turbine  is  reduced 

(by  reducing  the  fuel  flow),  this  will  cause  a  reduction  of  turbine 

power,  the  equality  H-  ■  N.  +  N  will  be  disturbed,  and  will 

i  k  prop 

take  the  form  N_,  <  N,  +  N  ,  so  that  the  engine  rpm  will  be  re- 
T  k  prop*  ^  * 

duced.  It  is  obvious  that,  in  order  to  retain  the  previous  rpm, 
the  power  **pr0p  required  by  the  propeller  must  be  reduced,  together 
with  the  reduction  of  fuel  flow,  to  such  a  degree  that  the  equality 


N_  *  N.  ♦  N  is  maintained  in  spite  of  the  reduction  of  turbine 

T  k  prop 

power.  For  this  purpose  the  angles  of  attack  of  the  propeller 


RA-017-68 


277 


blade*  must  be  decreased  or,  In  other  words,  the  propeller  loading 
must  be  reduced.  Accordingly,  In  order  to  maintain  the  rpm  of  a 
turboprop  engine  constant  at  Increasing  temperature  in  front  of  the 
turbine,  the  propeller  loading  must  be  Increased  together  with  the 
increase  in  fuel  f-ow,  or,  In  other  words,  the  angles  of  attack  of 
the  propeller  blades  must  be  increased. 

In  order  to  reduce  the  rpm  of  a  turboprop  engine  while  keeping 
the  gas  temperature  in  front  of  its  turbine  constant,  the  propeller 
loading  must  be  increased,  resulting  in  an  increase  of  the  power 

required  by  the  propeller,  so  that  tne  equality  of  powers  will 

♦  N..  >  N  .  As  a  result,  the  engine 


prop 

be  disturbed  and  will  become  N 


"prop  T  k  i  - »  -  - 

rpm  will  be  reduced  in  spite  of  the  fact  that  the  gas  temperature 

in  front  of  the  turbine  la  kept  constant  by  means  of  controlling 
the  fuel  flow  in  accordance  with  the  reduction  of  the  air  flowrate 
through  the  engine.  The  reduction  in  rpm  leads  to  a  reduction  of 
all  powers,  that  is  Nprop.  Nk,  and  Nj,  and  will  take  place  until 
the  equality  of  powera  is  restored  at  a  certain  rpm. 

The  degree  of  the  variation  of  the  turbine  power  of  a  given 
turboprop  engine  with  changing  rpa  and,  consequently,  of  the  gas 
temperature  in  front  of  the  turbine,  1.  dependent  on  the  degree  of 
variation  of  the  power  required  for  driving  the  propeller  with 
changing  rpm.  The  stronger  the  reduction  of  the  power  N  re¬ 

quired  Tor  the  propeller  with  decreasing  rpm,  the  greater^ust  be 
the  rate  of  temperature  reduction  in  front  of  the  turbine. 


Figure  1 88 1  Relative  rpm  variation  of  the  power  and 
®f*®ific  fuel  consumption  of  a  turboprop  engine  for 
different  changes  of  temperature  in  front  of  the 
turbine. 
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It  is  possible  to  accomplish  any  rule  for  the  variation  of 
propeller  power  with  changing  rpai  and,  consequently,  it  can  also 
be  equated  to  the  effective  power  of  a  turboprop  engine  under 
equilibrium  regimes,  by  means  of  a  corresponding  change  of  the 
angle  of  attack  of  the  propeller  blades  to  accoaipany  a  change  in 
rpm.  in  the  exceptional  case  where  the  angle  of  attack  of  the 
propeller  blades  remains  constant  or,  in  other  words,  where  the 
propeller  is  of  the  fixed  pitch  type  (VFSh),  the  variation  of  the 
power  Nprop  with  changing  rpm  will  take  place  approximately  in 
accordance  with  the  law  of  the  cubical  parabola. 

Four  cases  of  the  rpm  profile  of  turboprop  engine  charac¬ 
teristics  are  represented  in  figure  188.  Curve  1  refers  to  the 
case  where  the  propeller  loading  is  increased  with  decreasing  rpm. 
Curve  2  represents  the  fixed  pitch  propeller.  Curves  3  and  k  re¬ 
fer  to  two  cases  where  the  propeller  loading  la  reduced  with  de¬ 
creasing  rpm,  in  the  case  of  curve  U  at  a  greater  rate  than  in 
the  case  of  curve  J, 

Let  ua  con.ldar  the  for.  that  tha  operating  line  of  the  turbo* 
prop  engine  will  take  for  thaaa  lawa  for  tha  variation  of  propel¬ 
ler  power  with  changing  rpa,  or  rathar,  wore  accurately  speaking, 
the  operating  line  of  lta  turbln.-coaipreeaor  aaeeably.  Let  u. 
note  that  tha  operating  line  of  a  turboprop  angina  la  defined,  a. 

In  th.  caaa  of  tha  turboj.t  angina,  a.  tha  g.oa.trlc  location  of 
the  polnta  In  tha  fl.ld  of  coapr...or  charact.rlatlce  that  eor- 
reapond  to  the  aqulllbrluai  r.glae.  of  th.  turboprop  engine  under 
'■  given  control  achedule. 

Since  tha  taaperature  reduction  In  front  of  the  turbine  with 
decreasing  rpaa  will  ba  the  wore  significant,  the  eteeper  tha  drop 
In  the  power  Npr<jp  a  with  decreasing  rpai,  It  le  obvloua  that 
the  operating  lines  of  a  turboprop  angina  that  correspond  to  curves 
>t2f3i  and  It  in  figure  188  will  have  the  profile  indicated  by  the 
curves  with  the  saae  nuabsrs  In  figure  189. 


rigure  1891  Possible  operating  lines  of  a  turboprop 
engine. 
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It  follows  from  thoss  operating  lines  of  a  turboprop  engine 
that  the  propeller  loading  Bust  not  bs  strongly  Increased  with  de¬ 
creasing  rpm.  Generally  speaking,  the  maximum  possible  propeller 
loading  will  be  the  point  where  T»  ■  const  is  maintained  under 
decreasing  rpm  (the  straight  11ns  Oa  in  figure  189).  An  even 
greater  increase  of  propeller  loading  will  be  accompanied,  obvious¬ 
ly,  not  only  by  exceeding  the  temperature  TJ  that  is  acceptable 

for  the  turbine,  but  also  by  the  danger  of  the  equilibrium  regimes 
of  the  engines  shifting  into  an  area  of  instable  compressor  opera¬ 
tion  which  is  inacc ept able .  The  limit  for  the  reduction  of  propel¬ 
ler  loading  with  decreasing  tampirature  in  front  of  the  turbine  is 
determined  by  the  condition  n^  a  const.  In  that  case  the  operat¬ 
ing  line  of  the  turboprop  engine  coincides  with  the  constant  rpm 
line,  Ob.  All  the  possible  operating  lines  of  the  turboprop  engine 
that  correspond  to  the  different  control  schedules  or,  in  other 
words,  to  the  different  lows  for  the  variation  of  the  angles  of 
attack  of  the  propeller  blades  with  changing  rpm  (rpm  parameter), 
are  located  between  the  two  limiting  operating  lines  Oa  and  Ob. 

The  following  ie  taken  into  consideration  for  thw  selection  of  any 
control  schedule. 

1.  Under  reduced  power  regimes,  the  same  power  can  be  ob- 
talned  at  different  rpm  and  temperature  in  t ront  ot  tue  turbine 
(points  a,  b,  c,  and  d  in  figure  188).  The  lower  the  rpm  in  this 
case,  the  greater  will  be  the  temperature  in  front  of  the  turbine, 
thet  la  •r  ,.  T, 7  -j  ,  and  the  closer  will  the  equilibrium  re¬ 
gime  of  the  turboprop  engine  shift  toward  the  compressor  surge 
limit.  Vith  respect  to  reliability  and  engine  life  the  regimes  a, 
b,  c,  and  d  are  in  general  approximately  equivalent,  since,  the 
7w*r  rP* *  the  lower  will  be  the  forces  in  the  engine  parts 
exposed  to  centrifugal  loads  but,  on  the  other  hand,  the  higher  will 
be  the  temperature  regime  of  the  turbine. 

2.  The  stability  margins  of  a  turboprop  engine  with  respect 
to  TJ  and  nj  will  decrease  with  decreasing  distance  between  the 
operating  line  of  the  turboprop  engine  and  the  compressor  surge 
limit. 


3.  With  respect  to  the  start-up  and  especially  the  pick-up  of 
a  turboprop  angina  th»t  control  schedule  is  more  advantageous  that 
ensures  engine  start-up  and  run-up  from  n^  to  nm8j(  at  a  minimum 
of  propeller  loading.  This  la  due  to  the  Tact  that  the  available 
excess  of  turbine  power,  61^.  .  -  (hk  ♦  Nprop)  ^  .  c0n8t 

increases  with  decreasing  propeller  loading  at  intermediate  re¬ 


volutions,  due  to  the  reduction  of  the  power  N  required  by 

the  propeller,  and  the  operating  line  or  the  engine  will  shift  away 
from  the  surge  limit.  In  this  respect,  to  set  a  propeller  pitch 
corresponding  to  the  characteristic  k  (see  tigurea  188  and  189) 
is  more  advantageous,  obviously,  than  to  set  a  propeller  pitch 
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corresponding  to  the  characteristic  2  or  1  and,  even  more  so,  to 
0a  (see  figure  1 89)  • 

4.  The  variation  of  compressor  efficiency  must  be  taken  into 
consideration,  since  the  compressor  efficiency  can  be  strongly  re¬ 
duced  under  reduced  effective  power  regimes  when  the  operating  line 
of  the  engine  shifts  closer  to  the  n  ■  const  line,  that  ia  the  line 
Ob  (see  figure  189). 

5.  The  variation  of  propeller  efficiency  under  the  different 
laws  for  tne  variation  of  the  angles  of  attack  of  the  propeller 
blades  with  changing  rpm  must  be  taken  into  consideration  for  the 
final  selection  of  a  control  schedule.  In  a  number  of  cases  this 
consideration  can  have  a  decisive  effect  on  the  selection  of  one 
or  the  other  control  schedule. 

Let  us  now  consider  the  variation  of  specific  fuel  consumption 
under  different  laws  for  the  variation  of  the  effective  power  of  a 
turboprop  engine  with  changing  rpm.  It  is  seen  from  figure  1B8  that 
the  minimum  reduction  of  temperature  in  front  of  the  turbine  cor¬ 
responds  not  only  to  a  minimum  reduction  of  effective  power,  but 
also  toe  minimum  increase  of  specific  fuel  consumption  when  the  rpm 
is  reduced.  On  the  other  hand,  the  greater  the  rate  of  temperature 
reduction  in  front  of  the  turbine  with  decreasing  rpm,  the  stronger 
will  be  the  increase  of  specific  fuel  consumption,  and  the  more 
®4gnlflcant  will  be  the  reduction  of  effective  engine  power. 

However,  it  is  readily  seen  that,  Tor  the  same  effective 
power  obtained  at  different  rpm  (for  instance,  points  a,  b,  c, 
d  in  figure  188),  the  specific  fuel  consumptions  are  almost  identi¬ 
cal  (points  a',  b',  c',  d').  This  is  due  to  the  fact  that  the  gaa 
temperature  in  front  of  the  turbine  Increases  with  decreasing  rpm 
end  at  ■  const  (maintained  constant  by  increasing  the  propeller 
pitch),  but  at  the  same  time  the  compressor  compression  ratio  is 
reduced  as  a  result  of  the  reduction  in  rpm.  An  increase  of  the 
temperature  TJ  contributes,  as  we  know,  to  a  reduction  of  the  speci¬ 
fic  fuel  consumption  of  a  turboprop  engine,  while  a  decrease  of  the 
compressor  compression  ratio  contributes  to  an  Increase  of  specific 
fuel  consumption.  As  a  result,  the  specific  fuel  consumption  C 
changes  very  little,  if  at  all.  Therefore, at  a  constant  fuel  con¬ 
sumption  and  varying  rpm  the  effective  power  Ne  remains  practically 
constant . 

Thus,  the  same  reduced  effective  power  of  a  turboprop  engine 
(for  instance,  cruising  power)  can  be  obtained  at  different  rpm, 
or  at  different  propeller  pitch  settings,  with  approximately  the 
same  economy.  However,  if  we  take  into  consideration  the  variation 
of  propellor  efficiency  that  is  possible  here,  a  different  final 
result  can  be  obtained  with  respect  to  the  economy  of  the  turboprop 
engine,  and  this,  too,  must  be  taken  into  consideration  during  the 
selection  of  a  control  schedule  for  the  turboprop  engine. 
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Therefore,  In  the  majority  of  existing  turboprop  engines 
th.  propeller  pitch  ia  gradually  r.duc.d  with  decreasing  rpm  to 
ita  minimum  value,  and  a  subsequent  further  reduction  of  rpm  al¬ 
ready  takes  place  at  constant  minimum  propeller  pitch.  Thus,  for 
instance,  in  th.  case  of  th.  Armstrong-Siddley  "M.mba”  turboprop 
engine  the  propeller  pitch  (th.  angle  of  attack  of  th.  propeller 
blades)  la  r.duc.d  from  23°  to  12°  when  the  rpm  decreases  from 

"max  ■  '5,000  to  n  a  11,000,  and  la  kept  constant  at  revolutions 
of  n  <  11,000. 

Also,  there  is  practical  int.r.at  in  a  turboprop  engine  con¬ 
trol  schedule  where  the  effective  power  i.  initially  r.duc.d  a, 
a  result  of  a  reduction  of  the  temperature  in  front  of  the  turbine 
at  constant  rpm  (line  Ob  in  figure  ,89)  which  is  accomplished  by 
reducing  th.  propeller  pitch  accordingly,  to  a  greater  degree  than 
in  the  preceding  case.  Subsequently,  th.  transition  from  some  re¬ 
duced  power  regime  to  th.  low  throttle  regime  ia  accomplished  by 
reducing  the  rpm  at  constant  minimum  propeller  pitch. 

The  necessary  control  schedule  of  a  turboprop  engine,  that 
is  the  relationship  between  temperature  in  front  of  the  turbine 
-nd  rpm,  ia  realised  practically  by  mean,  of  an  appropriate  linkage 
between  the  fuel  flow  governor  for  th.  combustion  chambers  and  th. 
governor  that  controls  the  propeller  pitch. 

All  the  relative  effects  of  atmospheric  conditions  on  the 
thrust  and  specific  fuel  consumption  of  turbojet  engine,  that 
were  dl.cu.sed  earlier,  are  completely  valid  for  turboprop  engines, 
as  well.  Therefore,  the  test  result,  and  the  rpm  characteristics 
of  turboprop  engines  obtained  during  th...  test,  must  be  reduced 
to  standard  atmospheric  conditions.  The  correction  formula,  re¬ 
quired  for  this  purpose  are  obtained  from  the  earn,  conditions  for 

similar  regimes  of  turboprop  engine,  a.  for  turbojet  engines,  these 
beings 

for  corrected  rpm 

"cor  ■  nmd  V288/'r„d' 
for  corrected  reactive  thrust 

PR  cor  “  PH  md 
for  corrected  air  flowrate 


760/p 


a/288. 


It  can  be  demonstrated  that  the  ratio  Ne/pHVv  called  the 
alfective  power  parameter  of  a  turboprop  engine,  depend,  only  on 
the  rpmparameter  n  /VTQ  if  w,  .  const,  and  that  lt  ala0  depends 
on  n/l/T0  .  const  if  Ne/p 0YTQ  .  const. 

From  this  condition  the  correction  formula  for  the  effective 
power  of  a  turboporp  engine  is  obtained  which  is 


Ne  cor  *  Ne  md  760/pmd  ^288/Trad • 
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However,  as  far  as  the  specific  effective  fuel  consumption 
of  a  turboprop  engine  is  concerned,  it  turns  out  that  it  remains 
constant  under  similar  regimes  of  a  turboprop  engine,  so  that  it 
is  not  necessary  to  reduce  it  to  standard  conditions  or,  in  other 

words,  C  ■  C 

e  cor  e  md 

In  accordance  with  the  formulas  obtained  above,  the  corrected 
fuei  consumption  per  hour  of  a  turboprop  engine  wiil  equal 


“fuel 

Knowing  Ncor,  PR 
termine  the  corrected 
fuel  consumption! 


cor  “  ^fuel  md  76°/«>md  vsairr;. 

cor*  and  °fuel  cor’  lt  ia  P°»»I*>le  to  de¬ 
equivalent  power  and  corrected  equivalent 


N 

eq  cor 


J>  i 


C  *  G„  /v 

eq  cor  fuel  cor'  eq  cor* 

However,  it  must  be  taken  into  considerot ion  that  the  obtained 
correction  formulae  can  be  used  only  in  that  case  where  the  angle 
of  attack  of  the  propeller  blades  of  the  turboprop  engine  remains 
constant.  Actually,  the  power  required  to  drive  the  propeller 
during  static  operation  equals,  as  we  know, 

"prop  “  pn3  PH/TH  => 

where  p  is  the  power  coefficient  that  depends  on  the  angle  of 
attack  (pitch)  of  the  propeller  blades  at  V  a  0| 
c  is  a  constant  magnitude. 

After  dividing  the  individual  terms  of  the  last  equality 
by  p](  and  TR ,  we  obtain 

Vop/phV^  -  *  (u/1/r^)3c. 

But  under  equilibrium  regimes,  tiprop  »  Ne>  so  that  the  ef¬ 
fective  power  parameter  of  a  turboprop  engine  and,  accordingly, 
its  other  similarity  parameters,  will  depend  not  only  on  the  rpm 
parameter  n/V^  but  also  on  the  coefficient  p,  that  is  on  the 
propeller  pitch.  Therefore,  in  order  to  maintain  the  similarity 
of  turboprop  engine  regimes  and,  consequently,  in  order  to  apply 
the  formulas  considered  above  to  the  engine,  it  is  necessary  to 
satisfy  not  only  the  condition  n /\Tt^  .  const,  but  positively  also 
the  condition  that  i  .  const  or,  in  other  words,  the  propeller 
pitch  must  be  kept  constant* 

However,  the  propeller  pitch  governors  used  in  modern  turbo¬ 
prop  engines  do  not  have  the  capability  of  simultaneously  main¬ 
taining  n  .  const  and  p  .  const,  since  their  task,  as  we  already 
explained,  consists  of  the  oppositei  to  vary  the  propeller  pitch 
to  a  certain  degree  with  changing  rpm  of  the  turboprop  engine. 
Therefore,  in  order  to  obtain  the  similar  regimes  of  a  turboprop 
engine  that  are  required  to  reduce  its  test  data  to  standard  atmo¬ 
spheric  conditions,  the  propeller  governor  must  ba  disconnected 
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and  the  propeller  replaced  by  a  hydraulic  brake.  If  no  hydraulic 
brake  la  available  the  propeller  governor  muat  be  eapeclally  ad¬ 
justed  so  as  to  satisfy  the  condition  p  .  const  under  the  turboprop 
engine  regimes  required  for  data  reduction.  This  also  represent, 
the  primary  difficulties  of  reducing  the  te.t  results  of  turboprop 
•nglnea  to  given  conditions. 


5'  4*”P»td  qnd  Altitude  Characteristics  of  Turboprop 

Th®  fl,lr»P«^d  characteristics  of  a  turboprop  eneln.  are  defined 
as  the  dependencies  of  th.  effective  power,  reactive  thru.t,  and 
specific  effective  fuel  consumption  on  the  airspeed  at  a  given 
altitude  under  th.  control  schedule  selected  for  the  engine. 

Th®  aiU,«udg  ftharscterlstlce  of  a  turboprop  ..uln.  .re  de¬ 
fined  as  the  dependencies  of  th.  effective  power,  reactive  thrust, 
and  specific  effective  fuel  consumption  on  the  altitude  at  constant 
airspeed  and  under  the  control  schedule  salactad  for  the  engine. 

Sometimes  the  dependencies  of  the  equivalent  power  of  a  turbo¬ 
prop  engine  and  of  the  equivalent  ap.ciflc  fuel  consumption  on  the 
airspeed  and  altitude  are  provided,  too.  In  that  case  the  propel¬ 
ler  efficiency  le  conditionally  assumed  to  be  Independent  of  air¬ 
speed  and  altitude  and  la  usually  taken  at  a  value  of  0.80  to  O.85. 

Lot  us  consider  the  airspeed  characteristics  of  a  turboprop 
engine  under  an  n  •  const  and  TJ  •  const  control  schedule  that  Is 
widely  used  for  thee,  engines  and  provides  for  the  simultaneous 
control  of  fuel  flow  and  propollor  pitch. 

Typical  airspeed  characteristics  under  this  control  schedule 
for  a  turboprop  engine  with"  JQ  .  8  and  TJ  .  1200°K  and  having  a 
common  turbine  for  compressor  and  propeller  in  which  the  gas  Is 
completely  expanded  to  atmospheric  pressure  (the  -e  1.  no  ga.  ex¬ 
pansion  In  the  Jet  nozzle)  are  shown  for  different  altitudes  In 
figures  190  and  191,  where  all  the  magnitudes  that  refer  to  V  ■  0 
and  H  ■  0  are  assumed  to  be  equal  to  one. 


^*8ure  1901  Airspeed  characteristics 
of  a  turboprop  engine  (variation  of 
N  and  P  as  a  function  of  V  at  dif¬ 
ferent  II). 


Figure  19 1 «  Airspeed  char¬ 
acteristics  of  a  turboprop 
engine  (variation  of  C  as  a 
function  of  V  at  different  H). 


It  Is  seen  that  the  effective  power  of  the  turboprop  engine 
increases  very  intensively  with  increasing  airspeed  at  n  .  const 
and  TJ  ■  const,  while  the  reactive  thrust  decreasea.  However, 
the  specific  fuel  consumption  it  reduced  significantly  during  this 
process.  This  type  of  dependence  of  ,  PR,  and  C#  on  the  air- 
speed  Is  due  to  the  following  reasons. 

The  gas  expansion  ratio  in  the  turbine  lncreaeea  with  increas¬ 
ing  airspeed  at  a  result  of  tile  increase  of  the  total  compression 
ratio,  leading  to  an  increase  of  the  heat  drop  accomplished  in  the 
turbine  at  TJ  •  const.  Therefore,  the  specific  effective  power  of 
the  turboprop  engine  Increases  with  increasing  airspeed.  And  this 
cause  also  has  a  decisive  affect  on  the  specific  equivalent  power 
of  the  turboprop  engine,  causing  it  to  increase  in  spite  of  the  re¬ 
duction  of  the  specific  reactive  thrust  during  this  proceae. 

At  the  earns  time,  the  weight  flowrate  of  air  through  the  turbo¬ 
prop  engine  also  increases,  for  the  same  reasons  as  in  the  ceae  or 
th«  turbojot  angina. 

Thus,  in  this  case  the  lncreeae  of  the  effective  power  and 
equivalent  power  of  the  turboprop  engine  with  increasing  airspeed 
is  the  result  of  a  simultaneous  increase  of  both,  specific  power 
and  weight  flowrate  of  air. 

Due  to  the  increase  of  the  heat  drop  in  tha  turbine  with  in¬ 
creasing  airspeed  the  gas  velocity  c#  at  the  turbine  outlet  le 
slightly  increasad  in  this  case,  but  at  a  significantly  slower  rate 
than  the  airspeed.  Thie  leads  to  such  a  significant  decrease  or 
the  velocity  difference  (c^  -  V),  that  is  of  the  specific  reactive 
thrust,  that  the  reactive  thrust  of  the  turboprop  engine  is  reduced 
continuously  in  spite  or  the  simultaneous  increase  of  the  sir  flow¬ 
rate  (see  figure  190). 

However,  as  far  as  the  specific  fuel  consumption  C  le  con¬ 
cerned,  it  le  not  difficult  to  arrive  et  the  conclusion  that  in 
tha  case  under  consideration  thie  consumption  decreeeee  with  in- 
creating  airspeed  ae  a  result  of  both,  an  increase  of  specific  power 
Ne  ep  *n'’  *n  * nc reaee  of  the  exeats  of  air  coefficient  a  that  is 
due  to  the  decrease  of  the  tempereture  difference  (T»  -  T»).  The 
physical  cause  for  the  decreaee  of  C#  with  increasing  airspeed  le 
tha  Increase  of  the  total  compression  ratio  and  the  aeeocleted  in¬ 
crease  of  tho  affective  efficiency  1  of  the  engine. 


figure  1 92  s  Altitude  characteristics  of  a  turboprop 
engine  (variation  of  3  and  P  as  a  function  of  H  for 
different  V).  *  H 
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Let  ua  now  consider  the  second  possible  case  of  turboprop 
engine  control.  Let  us  stipulate  that  not  only  T*  ■  const  and 
n  ■  const  with  changing  airspeed  (and  altitude)*  but  also  that 
the  heat  drop  accomplished  in  the  turbine  remains  constant.  The 
last-named  condition  can  be  satisfied  by  means  of  reducing  the  out¬ 
let  cross-section  area  of  the  jet  nozzle  in  accordance  with  the  in¬ 
crease  In  airspeed. 

It  is  obvious  that  under  these  conditions  the  specific  ef¬ 
fective  power  of  the  engine  will  remain  constant  with  changing  air¬ 
speed  (and  altitude)  (if  the  compressor  work  LR  ■  const).  Conse¬ 
quently  *  when  the  airspeed  is  increased  the  effective  power  of  the 
turboprop  engine  will  increase  only  as  a  result  of  the  correspond¬ 
ing  increase  of  tha  weight  flowrate  of  air  through  the  engine*  that 
is  at  a  slower  rate  than  in  the  preceding  case. 

Since*  T  ■  const*  the  gas  expansion  ratio  in  the  Jet  nozzle* 
c  n  ■  Pj/Pn*  proportionally  to  the  overall  compression 

ration  *  when  the  airepeed  is  increased.  For  thie  reaeon*  as  well 
as  due  to  the  lncroase  of  the  air  flowrate*  the  reactive  thrust  of 
the  turboprop  engine  in  this  case  varies  with  increasing  airspeed 
approximately  in  the  same  manner  as  the  thrust  of  a  turbojet  engine* 
which  means  that  it  changes  inslgnlf leant ly  at  subsonic  airspeeds. 

As  a  result*  the  product  PRV  is  increased,  and  the  specific  equi¬ 
valent  power  N  will  increase  in  spite  of  the  fact  that  N  » 

eq  sp  e  sp 

■  const. 

Calculations  show  that  in  this  case  the  increase  of  !f 

eq  sp 

and  the  decrease  of  the  specific  fuel  consumption  CeQ  are  greater 
with  a  simultaneous  Increase  of  airspeed  than  in  the  preceding  case. 

Altitude  characteristics  of  a  turboprop  engine  are  shown  for 
different  airspeeds  in  figures  192  and  193*  These  characteristics 
show  the  relative  variation  of  N^,  PR,  and  C0  with  changing  alti¬ 
tude  in  comparison  to  their  values  at  V  a  0  and  H  ■  O*  and  are  plot¬ 
ted  for  the  same  conditions  as  the  airspeed  characteristics  in 
figures  190  and  191 • 


Figure  193*  Altitude  characteristics  of  a  turboprop 
engine  (variation  of  C  as  a  function  of  H  for  dif¬ 
ferent  V)  . 

The  adlabaH'*  heat  drop  tVp  In  the  turbine  increases  with 
increasing  altitude  at  V  ■  const,  as  a  result  of  the  increase  of 
the  overall  compression  ratio  (up  to  11  km),  so  that  the  specific 
effective  power  of  the  engine  la  increased*  too.  But  at  the  same 
time  the  weight  flowrate  of  air  through  the  engine  is  reduced,  and 
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this  at  a  slower  rats  than  ths  density  of  ths  atmospheric  air 
(for  the  same  reasons  that  apply  to  a  turbojet  engine).  As  a  re* 
suit,  up  to  an  altitude  of  1 1  km  the  effective  power  of  the  turbo¬ 
prop  engine  is  reduced  at  a  lesser  rate  than  the  density  of  the 
atmospheric  air.  When  the  altitude  is  Increased  beyond  11  km ,  the 
overall  compression  ratio  remains  n*  *  const,  so  that  the  specific 
effective  power  remains  constant  at  T*  -  const  and,  consequently, 
the  effective  power  is  already  reduced  in  proportion  to  the  atmo¬ 
spheric  air  density. 

As  a  result  of  the  increase  of  the  heat  drop  accomplished 
in  the  turbine  the  gas  velocity  c2  at  the  turbine  outlet  lncreasea 
up  to  an  altitude  of  1 1  km  and  subsequently  remains  almost  constant. 
This  has  the  result  that  the  specific  reactive  thrust  is  increased 
up  to  an  altitude  of  11  km  at  V  »  const  and  n  *  const,  and  remains 
constant  at  greater  altitudes.  The  increase  of  the  specific  re¬ 
active  thrust  and  the  simultaneous  reduction  of  the  air  flowrate 
have  the  result  that  the  reactive  thrust  of  the  turboprop  engine 
either  insignificantly  decreaaea  or  slightly  increases  with  increas¬ 
ing  altitude  up  to  11  km,  depending  on  the  airspeed  V  ■  const  (see 
figure  192). 

The  specific  fuel  consumption  C  of  a  turboprop  engine  decreases 

e 

with  Increasing  altitude  up  to  11  km  at  V  ■  const,  TJ  ■  const,  and 
n  -  const  (see  figure  193)  ss  a  result  of  the  increase  of  the  ef¬ 
fective  efficiency  due  to  the  increase  of  the  overall  compres¬ 
sion  ratio  tt*.  On  the  other  hand,  we  know  that  the  excess  of  air 
coefficient  decreases  up  to  an  altitude  of  11  km  at  T*  *  conat  but 

that  N  _  and  N  _  decreases  at  a  greater  rate  during  this  process, 
e  sp  eq  sp  *  '  r  ' 

so  that  the  products  of  these  magnitudes  and  J  increase,  while  the 

specific  effective  fuel  consumption  and  equivalent  fuel  consumption 

are  reduced.  At  altitudes  of  H  >  11  km  it  is  obvious  that  C0  ■ 

■  const  and  C  *  const, 
eq 

If  the  heat  drop  accomplished  in  the  turbine  is  kept  constant 
under  all  flight  conditions  (by  means  of  controlling  the  Jet  nozzle 
area),  the  effective  power  of  the  engine  will  drop  at  a  faster 
rate  with  increasing  altitude  than  shown  in  figure  192,  but  still 
at  a  slower  rate  than  the  atmospheric  air  density.  This  is  due  to 
the  fact  that  the  specific  effective  power  remains  almost  constant 
while  the  air  flowrate  through  the  engine  varies  with  altitude  at 
the  same  rate  as  in  the  preceding  case. 

The  gas  expansion  ratio  in  the  jet  nozzle  increases  with  in¬ 
creasing  altitude  and  c  T  «  const  (up  to  an  altitude  of  11  km)  for 
the  same  reasons  that  apply  to  an  increase  of  airspeed  (due  to 
the  increase  oftr  *) .  As  a  result,  the  reactive  thrust  of  the 
turboprop  engine  Is  reduced  to  a  lesser  degree  than  shown  in  figure 
192. 
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A.  far  aa  >p  and  arg  concarned,  In  this  case  (at 
cT  .  const)  thatr  degree  of  variation  with  charging  altitude  at 
•  conat  i.  approximately  the  ..me  a,  that  obtained  for  complete 
«a.  exp.n.ion  to  atmo.ph.ric  pr.e.ure  in  the  turbine  (that  ia,  for 
an  lncrea.e  of  « T  with  increasing  altitude). 

It  muat  be  taken  into  consideration  that,  in  order  to  fully 
utilise  the  airapeed  and  altitude  char.cterlatica  of  turboprop 
engines  that  were  considered  above,  the  reducing  gear  muat  be  de- 
eigned  for  the  maximum  effective  power  that  i.  obtained  at  maximum 
rpm  during  flight  at  maximum  speed  near  the  ground  (or.  failing 
thia,  at  low  altitude).  But  if  the  propeller  reducing  gear  of  a 
turboprop  engine  i.  designed  for  thia  maximum  possible  power  that 
exceeds ,  at  the  maximum  airapeed.  of  modern  aircraft  with  turboprop 
engine.,  the  maximum  power  of  a  turboprop  engine  during  static 
operation  on  the  ground  by  JO  to  70  *.  the  weight  and  sis.  of  the 
reducing  gear  can  become  excesaively  great.  Therefore,  in  order  to 
reduce  the  weight  of  the  reducing  gear  and,  consequently ,  to  re¬ 
duce  the  weight  of  the  engine  a.  a  whole,  the  reducing  g  ,.r  of  . 
turboprop  engine  i.  vary  frequently  not  d.aign.d  for  the  maximum 
effective  power  that  could  be  obtained  from  the  engine  under  flight 
condition,  but  for  a  leaser  power  which,  however,  at  the  same  time 
provide,  both,  the  required  airspeed  at  the  given  design  altitude 
and  the  take-off  of  the  aircraft.  However,  in  that  case  it  1.  also 
necessary  to  limit  the  designed  effective  power  of  the  turboorop 
engine  with  respect  to  the  reducing  gear.  This  type  of  limit  for 
the  affective  power  of  a  turboprop  engine  1,  indicated  i„  figures 
190  and  192  by  the  d.eh-dot  lines  .o  for  the  c...  where  th.  d.aign.d 
power  with  respect  to  th.  reducing  gear  is  the  power  (point  a) 
generated  by  th.  turboprop  engine  at  an  air.p..d  0f  300  m/..c  and 
an  altitude  Hd#i  .  8  km  which  in  thl.  c...  i.  called  th.  de.isn.rt 

°f  th*  *n«ln»-  obviou.  that  th.  are.  of  th.  air¬ 

speed  and  altitude  characteristic,  of  a  turboprop  engine  that  is 
located  above  th.  limiting  line  o.  cannot  be  utilised. 

In  thi.  case,  the  altitude  characteristic  of  the  turboprop 
engine  .t  th.  given  air.p.ed  i.  elr.ady  r.pr.e.ntod  by  th.  line  o.b, 
rather  than  cab  (aee  figure  192). 


Maintaining  th.  effective  power  of  a  turboprop  engine  con.tant 
w  en  th.  altitude  1.  reduced  from  th.  designed  value  H.  (point  a) 
to  the  ground  (point  o)  can  be  accomplished  by  reducing.  tempera¬ 
ture  T>  in  front  of  th.  turbine  at  n  .  const,  or  by  reducing  th. 
rpm  at  TJ  .  const  and  changing  th.  propeller  pitch  accordingly.  Th. 

ir.t  procedure  is  more  adv.ntag.oue,  for  th.  r.a.on.  diacuss.d  in 
tn«  pracading  paragraph. 


Turboprop  engine,  having  th.  effective  power  limitation  die 
cue.ed  above  ar.  called  .Ultude  .net...  .nd  are  mo.t  widely 
employed  today. 


RA  -017-68 


288 


CHAPTER  IS 

DU/L-PLOV  TURBOJET  ENGINES 


1  •  General  Observations 

Dual-flow  turbojet  engines  (DTRD)  differ  from  turbojet  engine, 
of  conventional  design  In  that  the  turbine  drive,  a  low  pressure 
compressor  or  secondary  circuit  fen  in  addition  to  the  compressor 
and  auxiliary  aaaembllea. 

One  of  the  poaaible  design,  of  a  dual-flow  turbojet  engine  la 
shown  in  figure  194.  In  this  engine  the  seme  turbine  4  drive,  the 
compressor  2  and  the  fan  1  located  in  an  annular  duct  J.  In  this 
case  the  function  oj  this  fan  is  performed  by  the  first  stages  of 
the  axial-flow  compreaaor  2,  and  for  thia  purpose  their  blade,  are 
lengthened  accordingly.  The  remaining  element,  and  their  relative 
positiona  remain  the  same  a.  in  a  turbojet  engine  of  conventional 
design. 


Figure  19^i 
1  -  fan;  2 
k  -  turbine | 


Diagram  of  a  dual-flow  turbojet  engines 
compressor;  3  and  7  -  annular  ducts; 

5  and  6  -  Jet  nozzles;  8  -  combustion 
chambers . 


The  flow  section  of  the  engine,  consisting  of  the  axial-flow 
compressor  2, the  primary  combustion  chambers  8,  the  turbine  4,  and 
the  Jet  nozzle  6,  la  called  the  primary  circuit  of  a  dual-flow  turbo. 
Jet  engine,  which  means  that  the  primary  circuit  of  a  dual-flow 
turbojet  engine  by  nature  represents  a  turbojet  engine  of  conv.n- 
tional  design. 

The  annular  duct  7  with  the  fan  1  located  in  it  represents 
the  secondary  circuit  of  a  dual-flow  turbojet  engine.  Only  air 
accelerated  by  the  fan  flows  through  the  secondary  circuit.  This 
air  bypasses  the  primary  combustion  chamber,  and  the  turbine,  and 
18  from  ‘he  engine  parallel  to  the  gas  flow  departing  from 

the  Jet  nozzle  6  of  the  primary  circuit.  In  some  dual-flow  turbo¬ 
jet  engines  the  air  from  the  secondary  circuit  is  mixed  with  the 
combustion  products  of  the  primary  circuit  behind  the  turbine  and 
subsequently  departs  together  with  them  through  a  common  Jet  nozzle 

The  thrust  of  a  dual-flow  turbojet  engine  is  made  up  of  the 
reactive  force  of  the  gas  flow  accelerated  in  the  primary  circuit 
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(that  departs  from  the  jet  nozzle  6)  and  the  reactive  force  of  the 
•  ir  flow  accelerated  by  the  fan  in  the  secondary  circuit. 

Also,  the  secondary  circuit  fan  of  a  dual-flow  turbojet  .net,,, 
can  be  driven  by  a  separate  turbin.  located  behind  the  compressor 
turbine,  as  shown  in  figure  195  or  figure  196. 


Figure  1951  Diagram  of  a  dual-flow  turbojet  engine 
with  fan  located  forward. 


Figure  1961  Diagram  of  a  dual-flow  turbojet  engine 
with  fan  attachment  aft. 

The  effect  of  the  secondary  circuit  fan  (in  the  sense  of 
thrust  generation)  is  similar  to  the  eff.ct  of  a  multi-blade  propel¬ 
ler  rotating  in  an  annular  shroud.  We  know  from  propeller  theory 
that  such  a  "fan-type"  propeller  differs  from  a  normal  propeller 
in  that  it  has  greater  efficiency  at  high  airspeeds  but  poor  ef¬ 
ficiency  at  slow  airspeeds  and  during  taks-off,  has  a  lower  weight, 
and  requires  no  reducing  gear  to  reduce  the  rpm  when  it  is  driven 
by  a  turbine.  Figure  197  shows  the  approximate  dependence  of  the 
efficiency  of  a  Tan-type  and  a  normal  propeller  on  the  airspeed. 

Tor  comparison  purposes  the  dependence  or  the  propulsive  efficiency 
of  a  turbojet  engine  on  the  arrsp.ed  is  also  provided  in  this  figure. 
Consequently,  the  dual-flow  turbojet  engine  (without  fuel  combustion 
in  the  seconder)  circuit)  occupies  an  intermediate  position,  with 
respect  to  economy  and  propulsive  efficiency,  between  the  turboprop 
engine  and  the  turbojot  engine  or  normal  desien.  It  is  inferior  in 
this  respect  to  the  turboprop  engine  during  take-off  and  at  slow 
airspeeds,  but  superior  to  it  at  high  airspeeds  where  the  efficiency 
of  a  propeller  decreases  rapidly.  At  the  same  time,  the  duel-flow 
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, '1  'T'  ’UP*rl°r  W“h  r"P*e*  ‘°  *cono-y  to  *h»  ««*~ 

J.  of  no™.!  d..lg„  .t  r.l.tiv.ly  .lo%  .tr.p..d.,  ,lnc.  „ 

‘  .  bott.r  propulstv.  .fflcl.ncy  und.r  th...  condition.,  du.  to 

‘7*r  "h*U“  «'  ">•  «‘r  -nd  ....  co.p.r.d  to  th. 

urboj.t  .ngln..  Hov.v.r.  .t  high  .lr.p..d.  .ueh  .  du.l.flow  t<Jpbo. 

•ngln.  1.  l„f.rtor  to  .  turboJ.t  #n€ln.  of  Co„v..,tlon.l  d#.Un 


p™Muir7(i»D"’*?d*nC'  °f  *h*  •"icitncl,,  of  . 
propciur  (l)»  a  fan-typs  props  H«r  (2)  »nrf  «r 

propul.lv.  .fflcl.ncy  o?  .’tuKij.J 

alr.pa.d. 


Th.  thru.,  of  .  du.,.fl.v  turboJ.t  #n<tn.  c.„  ,u,„nt.d 

y  -..n.  of  burning  .ddltlon.1  fu.l,  .Ith.r  In  th.  ..cond.ry 
circuit  .tr  f,.u  or  b.hlnd  th.  turbln#  of  th#  prl|Mry  clreutt 

h°  ;V;r*  •*  •Ub*°nl‘  —  '<-PT.«lv.ly  .lo.  .up.r.onlc  ,lr.p..d. 

. .  . . . . . . . . . 

"  •• — ...» ...» r... 

turbin.  of  aft.rburnlng  turboJ.t  .ngln.  (trdt)  h.vln,  th. 

■  «■.  p.r.a.t.r.  for  th.  operating  proc...  ■■  th. 

or  th.  du.l-f,ov  turboJ.t  .n^to.  '  . .  Pr‘",ry  Cl"Ult 

Hov.v.r,  at  .lgnlflc.nt  .up.r.onlc  alr.p..d.  •  du.l-riov 

-  :  "lth  fU*1  CO-bU,tl°"  "cond.ry  circuit 

ondP  •lr*‘dy  oiulv.l.nt.  under  oth.rvl..  .qu„ 

*  •  *"  “‘‘•'■burning  turboJ.t  .ngln.  vith  r..p.c,  to  It. 

P.cl  ic  thru.,  <  r.f.rr.d  to  th.  tot.l  .tr  . . through  botj 

clrcu  .)  .nd  .p.clflc  fu#1  con.u-ption.  Con.aqu.ntly,  for  ,h. 

...  tbru.t  th.  dl.p.trlc  di..„.io„.  of  th.  ..1.,-flov  co.pr...or 

c!  b  *  dU"1*flo<'  t urboj.t  .ngln.  uith  thru.,  .ugn.nt.tt.n 

J.t  .L!"  l‘h“n  th°*'  °f  *  turboJ  *  •"»*"•  -r  .ft.rburnlng  turbo- 

thrul^  “  *  -u.l-ri«  turboJ.t  .ngln.  with 

.p.c  ;:*";nt*tt0"  “  “"P—  —  pro,,  .dv.nt.g.ou. 

•specially  for  thta  reason. 
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Th*  thrust  of  ■  dual-flow  turbojot  engine  lo  m do  up  of  tho 
thrust  P,  generated  by  tho  primary  circuit,  snd  ths  thrust  P 
generated  by  tho  socondary  circuit.  Thoso  thrust  component,  equal 

Consequently #  the  total  thrust  of  •  duel-flow  tnfln*  win 

•qua  I 

p  -  -  V)  -V  (r,  _  V). 

■  (15. i; 

mhoro  c#|  lo  tho  eahauat  velocity  of  tho  combustion  products  from 
th«  Jot  nosilo  of  tho  prlaory  circuit) 

co2  ll  th*  velocity  of  tho  olr  fro«  tho  secondary 

circuit | 

°a  I  *nd  °a2  th*  ",1«ht  floor. too  of  ths  air  through  ths  primary 

and  tho  secondary  circuit,  raspactlvaly. 

Th.  specific  thrust  of  a  dual-floo  turbojet  engine  can  b. 
r.f.rrod  olth.r  to  tho  air  floerat.  0^,  through  th.  primary  circuit 
only,  or  to  th.  overall  air  floorats  through  ths  ongln.i 

o  *  °.)  ♦  0.2- 

In  th.  first  csss  oo  obtain  from  aquation  (lj.  | ) 


yK (i •<  *)V|. 


oh.r.  K  .  0ti/0al  1.  colled  th.  du.l-floo  rotlo.  Hodorn  dual-flow 
turbojet  onglno.  htv.  a  v.i„.  or  K  .  O.  J  to  2. 5  and  somotl...  .or., 
depending  on  their  purpose. 

Under  oth.role.  equal  condition,  the  specific  thru.t,  referred 
to  th.  olr  flow  rote  through  th.  primary  circuit,  determine,  the 
specific  fuel  consumption  of  a  dusl-flov  turbojet  engine.  This 
1.  due  to  th.  fact  that  th.  fuel  consumption  p.r  hour  of  .  du.l- 
floo  turbojet  engine  depend,  only  on  th.  «tr  rioorot.  through  th. 
primary  circuit  ond  on  th.  esc...  of  olr  coefficient  In  th.  prlm.ry 
combustion  chambers  of  that  circuit,  since 

°fu.l  )  •  3600  GaI/Vo. 

Vccordlngly,  th.  specific  fuel  consumption  of  a  dual-flow 
turbojet  engine  will  equal 

C.p  ‘  °fu.l  )/•’)  ♦  p2  *  3600  0(iI/t)lo(P)  „  p,). 

However,  0,,/P,  .  P.,  .  l/p^.  ,0  th„t 

C.p  •  3600/1 ]loP-  .  ()5.3, 
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Thus,  the  greater  the  specific  thrust  of  a  dual-flow  turbojet 
engine,  referred  to  the  air  flowrate  through  the  primary  circuit, 
the  lower  will  be  the  specific  fuel  consumption  of  that  engine  at 
a  g  Lven  1 ( . 

If  we  refer  the  specific  thrust  to  the  overall  air  flowrate 
through  the  dual-flow  engine  we  obtain 

flp  ’  WCa.<,+K> 

but  since  P,  -  P2/C#1  .  PJp,  it  applies  that 

P;’p  *  *Lp/'  *  K-  (15.4) 

This  specific  thrust  determines  the  diametric  dimensions  of 
a  dual-flow  turbojet  engine.  The  smaller  PJp,  the  greater  must 
be  the  overall  air  flowrate  through  the  engine  for  a  prescribed 
total  thrust  and,  consequently,  the  greater  will  be  the  diametric 
dimensions  and  weight  of  the  engine  under  otherwise  equal  condi¬ 
tions,  and  the  smaller  will  be  its  drag-to-thrust  ratio. 

If  additional  fuel  is  burned  in  the  secondary  circuit,  the 
gas  exhaust  velocity  from  this  circuit  will  increase  under  other¬ 
wise  equal  conditions,  and  will  become  c  >  c 

2nug  ©2 

It  is  obvious  that  th©  specific  thrust  values  P*  and 

Psp  nug  for  *  dual-flow  turbojet  engine  with  thrust  augmentation 
whose  secondary  circuit  afterburner  is  in  operation  can  be  deter¬ 
mined  in  accordance  with  the  same  formulas  (15.2)  and  (15.4)  that 
are  applicable  to  the  dual-flow  turbojet  engine,  ir  we  substitute 
C2aug  Por  c©2  th®9e  formulas. 

The  Jet  nozzle  area  of  the  secondary  circuit  must  be  increased 
when  additional  fuel  is  burned  in  the  secondary  circuit  in  order 
to  keep  the  regimes  or  the  secondary  and  primary  circuit  constant. 
Otherwise  the  air  flowrate  through  the  secondary  circuit  fen  will 
be  reduced  as  a  result  of  the  increase  in  gas  temperature  between 
the  Tan  and  the  Jet  nozzle  of  the  secondary  circuit  which,  obviously, 
will  lead  to  a  reduction  in  the  power  required  for  driving  the  fan. 
But  in  that  case  the  gas  temperature  T*  in  front  of  the  turbine  in 
the  primary  circuit  must  be  reduced  in  order  to  maintain  th. 
previous  engine  rpm,  and  the  thrust  of  the  primary  circuit  will  be 
reduced.  As  a  result,  the  increaee  in  overall  thrust  will  be  in¬ 
adequate,  and  in  a  number  of  cases  this  csn  even  lead  to  a  reduction 
of  the  overall  thrust  of  a  dual-flow  turbojet  engine  with  thrust 
augmentation  in  comparison  to  a  dual-flow  turbojet  engine. 

Let  us  designate  by  x  the  energy  distribution  coefficient  in 
a  dual-flow  turbojet  engine,  or  the  ratio  between  the  energy  L 
consumed  to  drive  the  secondary  circuit  fan  and  the  available  2 
energy  L# ,  that  is 

*  -  l2/l#. 
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That  part  of  the  available  energy  that  la  attributable  to  the 
secondary  circuit,  Lj  -  xl^,  ia  conaumed  for  converting  (with  the 
aid  of  the  fan)  the  kinetic  energy  of  the  air  stream  flowing  through 
this  circuit,  equaling  .  , 


and,  in  addition,  is  conaumed  for  losaea  in  the  turbine,  fan,  and 
duct  of  the  secondary  circuit.  On  this  basis  we  can  write 

xLaQ,  =  7 , 

whence,  substituting  Ga2/Ga)  .  K,  we  obtain 


e,=Y  "iS  La-.  ~  +  V”, 

where  n2  ia  the  efficiency  of  the  secondary  circuit  that  takea  into 
consideration  the  losses  of  available  energy  mentioned 
above  e 

The  parameters  of  the  operating  process  of  the  primary  circuit 
of  a  dual-flow  turbojet  engine,  that  is  the  compressor  compreaaion 
ration*  and  compressor  efficiency  nk,  the  temperature  T*  in  front 
of  the  turbine  and  the  turbine  efficiency  r^,  and  ao  on, "determine 
the  magnitude  of  available  energy  L# .  The  dependencies  of  the 
specific  thrust  and  specific  fuel  consumption  of  a  dual-flow  turbo¬ 
jet  engine  on  theae  parameters  for  given  parameters  x,  X,  and  T) 
of  the  secondary  circuit  must  be  the  same  by  nature  as  those  of2« 
turbojet  engine.  Therefore,  we  shall  not  stop  to  discuss  theae  de¬ 
pendencies  but  shall  consider  the  effect  of  the  parameters  of  the 
secondary  circuit  on  the  thrust  and  specific  fuel  consumption  of  a 
dual-flow  turbojet  engines 


In  the  general  case  of  a  dual-flow  turbojet  engine,  where  the 
head  of  the  secondary  circuit  fan  is  not  a  previously  established 
magnitude,  the  energy  distribution  coefficient  x  and  the  dual-flow 
ratio  K  will  be  Independent  variables. 

The  dependencies  of  the  specific  thrust  P(  and  specific  fuel 
consumption  of  a  dual-flow  turbojet  engine  and  a  dual-flow  turbojet 
engine  with  thrust  augmentation  on  the  energy  distribution  coeffi¬ 


cient  X  for  different  dual-flow  ratios  and  for  r|  .  0.73,  V  •  0, 
and  H  .  0  are  shown  in  figures  198  and  199.  Also  plotted  for 
comparison  purposes  in  these  figures  are  the  values  of  P  end  C 
for  a  turbojet  engine  under  the  same  parameters  of  the  operating*15 
process  that  apply  to  the  primary  circuit,  of  the  dual-flow  turbo¬ 
jet  engine  and  the  dual-flow  turbojet  engine  with  thrust  augmenta¬ 
tion,  that  is  for  n*0  -  7.  T*  .  1200°K,  .  0.9,  Pk  -  0.83,  and 

'•’j.n  *  °-96,  In  Principle  the  nature  of  these  dependencies  is  also 
retained  in  flight,  provided  that  the  condition  of  the  expediency 
of  using  a  dual-flow  turbojet  engine  is  satisfied  (see  below). 

It  is  seen  from  figures  198  and  199  that  the  .pacific  thrust  of 
a  dual-flow  turbojet  engine,  and  at  low  values  of  x  and  T*  also 
of  a  dual-flow  turbojet  engine  with  thrust  augmentation,  insig¬ 
nificantly  less  than  that  of  a  turbojet  engine  (where  K  •  0).  This 


is  duo  to  the  fact  that  in  these  cases  the  shift  of  part  of  the 
available  energy  to  the  secondary  circuit  has  the  result  that  ths 
gas  exhaust  velocity  from  the  primary  circuit  is  reduced,  while  the 
exhaust  velocity  of  the  air  (gas)  from  the  secondary  circuit  Is  less 
than  that  of  a  turbojet  engine ■ 


-  25 a?* 


Figure  1981  Dependence  of  the  apeclflc  thrust  end 
specific  fuel  consumption  of  a  duel-flow  turbojet 
engine  on  the  distribution  of  the  available  energy 
for  different  values  of  K. 

Legends  I 

'  *  Psp  turbojet  “ 

2  -  turbojet  engine 

Moreover,  with  Increasing  duel-riow  ratio  K  at  *  -  const  and 
under  otherwise  equal  conditions,  the  specific  thruet  P"  of  a  dual- 
flow  turbojet  engine  Is  reduced,  since  In  that  case  the  exhaust 
velocities  of  tho  air  and  gas  from  the  secondary  and  primary  cir¬ 
cuits  will  be  reduced.  But  at  the  same  time  the  Increase  of  pro¬ 
pulsive  efficiency  that  Is  associated  with  a  reduction  of  exhaust 
velocity  leads  to  a  reduction  of  the  specific  fuel  consumption. 

Thus,  for  instance,  at  K  a  1.3  and  V  e  0  the  specific  thrust  P"  of 
a  dual-flow  turbojet  engine  amounts  to  30  to  60  t,  and  the  specific 
fuel  consumption  to  70  to  75  respectively,  of  the  P  and  C 
of  a  comparable  turbojet  engine,  as  seen  from  figure  198.  *P 

However,  the  specific  fuel  consumption  of  s  dual-flow  turbo¬ 
jet  engine  with  thrust  augmentation  increases  continuously  with 
increasing  dual-flow  ratio  K  and  under  otherwise  equal  conditions 
(seo  figure  199).  This  Is  due  to  the  Tact  that  the  air  compression 
ratio  In  the  secondary  circuit  (that  la,  Lfin)  decreases  with  In¬ 
creasing  K  at  x  e  const  and  L#  •  const,  so  that  the  heat  utiliza¬ 
tion  that  can  be  obtained  during  the  combustion  of  additional  fuel 
In  the  secondary  circuit  will  deteriorate. 

It  also  follows  from  figures  198  and  199  that  an  optimum  value 
of  the  energy  distribution  coefficient,  *opt.  exists  In  dual-flow 
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turbojet  engines  aa  veil  aa  In  turboprop  engines  that  corresponds 
to  tha  maximum  apaelflc  thruat  and  minimum  specific  fuel  consump- 
tlon  under  (Ivan  condition.. 

Calculations  show  that,  tha  aaallar  tha  dual-flow  ratio  and 
tha  efficiency  ng  of  tha  aecondary  circuit,  and  tha  greater  tha 
airspeed  and  tha  velocity  coefficient  of  tha  Jet  nottla  of  tha 
primary  circuit,  tha  aaallar  will  be  x  or.  In  other  words,  tha 
aaallar  will  be  that  part  of  tha  available  energy  that  auat  be 
transferred  to  the  secondary  circuit  of  a  dual-flow  turbojet  angina 


«'  it  * 

figure  I99i  Dependencies  of  the  epeclfic  thruet  and 
specific  fuel  consumption  of  a  dual-flow  turbojet 
engine  with  thruat  augaentatlon  on  the  energy  dtetrt- 
butlon  for  different  valuee  of  K. 

Legends  1 

1  -  turbojet  onflne 
*  *  T2ug  ■  ,700‘K 

3  -  c 

ep  turbojet 

The  dependenclee  of  the  coefficient  «o^(  on  the  dual-flow 
ratio  K  for  a  dual-flow  turbojet  engtne  with  TJ  a  I200°X,  nj>Q  .  7, 
If  •  0.90,  T)k  .  o.#J,  •  0.75,  end  Tj  n  ,  -  0.96  are  shown  in 

figure  200  for  two  caaea,  during  atatic  angina  operation  (Mj(  •  o) 
and  In  flight  (*„  •  1.2  and  H  e  It  km).  It  is  seen  that,  in  both 
cease,  the  value*  xopt  Increases  rapidly  with  increasing  K. 

The  optimum  value  of  the  energy  distribution  coefficient  also 
Increases  with  Increasing  gae  temperature  In  Tront  of  the  turbine, 
increasing  compression  ratio  (up  to  a  certain  limit),  and  lncr.ae- 
lng  efficiency  of  the  primary  circuit  coapreespr. 

Since  under  otherwise  equal  conditions,  each  value  of  the 
dual-flow  ratio  X  correaponde  to  an  optimum  magnitude  x  of  the 
energy  distribution  coefficient,  s  must  be  varied  at  the^arne  time 
when  there  le  a  change  in  X  in  order  to  obtain  a  maximum  gain  of 
specific  thruet. 
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Calculation*  also  show  that  tha  optimum  valut  of  tha  coeffi- 

clant  i  .  lncraaaaa  with  increasing  dacraa  of  haat  lncraaaa  of  tha 
opt 

air  In  tha  secondary  circuit  of  a  dual-flow  turbojet  angina  with 

thruat  aufaantation,  undar  otharwlaa  aqual  condition*.  Tha  dapandanca 

on  i  .  for  a  dual-flow  turbojat  angina  with  thruat  augmentation  at 
opt 

dlf farant  valuaa  of  and  undar  diffarant  flight  condition*  la 

indlcatad  by  tha  dottad  llnaa  In  flgura  200  that  ara  plottad  for 
tha  aaaia  parameters  of  tha  operating  procan  that  wara  uaad  for 
tha  dual-flow  turbojat  angina  In  that  graph. 


Flgura  200 1  Dapandanca  of  tha  optimum  anargy  dlatrlbutlon 
on  tha  dual-flow  ratio  for  a  dual-flow  turbojat  angina  and 
a  dual-flow  turbojat  angina  with  thruat  augmentation. 


Legend a l 
'  '  2 

2  -  dual-flow 

3  -  dual-flow 


turbojat 

turbojat 


angina 

angina  with  thruat  augaentatlon 


■).  Ch.r.c t.rl.t  1c »  of  Pu.l-rio.  Turbol.t  and  Duit-rio* 

Turbol.t  Emtio.,  with  Thru.t  <M».nt«tUn 

Tha  charac tar 1  a t lea  of  dual-flow  turbojat  engines  and  dual-flow 
turbojet  englnea  with  thruat  augmentation  ara  defined  as  tha  da - 
pendencies  of  their  overall  thruat  and  specific  fuel  consumption 
on  the  rpm  at  a  given  airspeed  and  altitude  (throttling  charac¬ 
teristics)  and  on  tha  airspeed  or  tha  altitude  undar  tha  selected 
control  schedule. 

Under  identical  air  flowrates  through  the  compressor  (the 
primary  circuit)  and  aqual  parameter*  of  tha  angina  operating  process 
(except  for  the  secondary  circuit),  these  charac tarlst les  occupy 
an  intermediate  position  between  the  corresponding  characteristics 
of  turbojet  engines  and  turboprop  anginas. 

The  rpm  characteristics  of  a  dual-flow  turbojat  engine  differ 
by  the  following  special  features  from  tha  rpm  characteristics  of 
a  turbojet  engine  having  the  same  parameters  for  the  operating 
process  as  the  primary  circuit  of  tho  dual-flow  turbojet  engine. 
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Th.  per  required  to  drive  the  eecondery  circuit  fe>,  of  « 
fiual *f low  turbojet  •n€in*  iquili 


f*n2 


°.2Lf.„a/75 


■here  Lf u  ie  the  effective  work  of  the  eecondery  circuit  fen. 

Coneequently.  ..  eiuet  writ,  for  the  equilibrium  regime  of  . 
duel-flow  turbojet  engine 

*T  *  Nk  *  ^fena  *  Nr 

or.  determining  th.  turbine  power  «lth  r.ep.ct  to  th.  elrflowret. 

°al  In. teed  of  the  gee  flowrate,  and  reducing  to  G  .  can  writ. 

a  1  •  11 


Lw  ♦  KL, 

K  fan2 


A.  a  rule,  the  deelgn.d  magnitude  for  the  head  or  coiapreealon 
ratio  of  tho  a.cund.ry  circuit  fan  of  a  dual-flow  turboj.t  engln. 

1.  alw.y.  .mailer  than  that  of  It.  primary  circuit  compreeeor. 
Therefore,  the  air  flowrate  through  the  e.eondary  circuit  decree... 
with  decreaelng  rpm,  for  the  reaeone  dlacueeed  in  Chapter  10,  at 
a  slower  rat.  than  th.  eir  flowrate  through  th.  primary  circuit 
compreeeor,  that  th.  duel-flow  ratio  X  will  mere...  during  thl. 
proceea.  At  th.  same  time,  the  preaaure  drop  In  the  primary  circuit 
Jet  nosale  of  a  dual-flow  turbojet  angina  1.  u.ually  eubcrltlcal 
under  th.  m.sl.um  regime  at  V  .  0  and  H  -  0.  Therefore,  when  tho 
rpm  1.  reduced  (etartlng  out  fro-  m.slmum  rpm)  th.  ga.  esp.„.len 
ratio. T  reduced  (etartlng  out  fro-  maximum  rpm)  th.  ga.  exp.n.lon 
ratio  if  in  th.  turbine  of  a  dual-flow  turboj.t  engine  with  T  . 

»  const  immediately  begins  to  decrease,  while  In  a  turboj.t  engine 
with  rm  .  const  th.  ratio  «T  Initially  remain,  constant  with  de- 
criming  rpa. 

Increasing  the  duel-flow  ratio  K  and  decreasing  «  at  a  faster 
rat.  will  have  the  result  that,  under  otherwise  equal  condition., 
th.  gas  temperature  In  front  of  the  turbine  of  a  dual-flow  turbojet 
engine  will  d.cre...  at  a  .lower  rat.  with  decreaelng  rpm  than  that 
of  a  turboj.t  engine,  and  thl.  rat.  will  .lor  down  with  incr.a.lng 
diilgnid  vil u#  of  K  it  n 

■IX 

Therefore,  th.  operating  Una  of  a  dual-flow  turboj.t  engine 
with  .  const  will  have  a  greater  slope  than  the  operating  line 
of  a  turboj.t  engine  with  .  conet,  a.  .hown  In  figure  201. 
Consequently,  under  reduced  rpm  th.  stability  margin  of  .  dual-flow 
turboj.t  engine  with  .  conet  will  be  amall.r,  end  it.  pick-up 
poorer  than  for  a  turboj.t  engine  with  r.  .  conet  and  with  a  deelgn.d 
compre.ee.-  compr.e.lon  ratio  th.t  equ.l.  the  m  t  of  th.  primary 
circuit  compre.eor  of  th.  dual-flow  turboj.t  engine.  It  1.  obvlou. 
that,  under  oth.rwle.  equal  condition.,  th...  et.billty  margin,  of 

a  dual-flow  turboj.t  engine  d.cre...  with  Incr.a.lng  d.algn.d  value 
of  K  e 
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Figure  201i  Operating  lines  of  dual-flow  turbojet 
engines  for  different  duel-flow  ratios.  J 

Lagend i 

1  -  turbojet  engine  (K  •  0) 

Moreover,  a,  a  result  of  the  slower  rate  of  temperature  de¬ 
crease  in  front  of  the  turbine  with  decreasing  rpm,  the  overall 
thrust  Of  a  dual-flow  turbojet  engine  decreases  at  a  relatively 
»  ower  rate,  and  the  specific  fuel  consumption  increases  at  a 

:  ratBl  th#n  th#  —  specific  fuel  conaump- 

on  of  a  turbojet  engine.  As  an  example,  figure  202  shows  the 

fuel  Co"”  V"rt1“ti0n  With  rMpeCt  t0  rpra  thrust  and  specific 

fuel  onsumption  of  a  dual-flow  turbojet  engine  with  K  .  2  (.0ild 

ines)  and  of  a  turbojet  engine  (dotted  lines)  having  the  same 

thrust  ",7’  T*  maX  ’  ,20°  K’  ^  *  °'9’  Rnd  ^k  *  0l85.  "here  the 
to  b l  Sn  "^eClfiC  fUal  conaumPiion  of  both  engines  are  assumed 
to  be  equal  to  one  at  the  maximum  regime. 


Figure  202:  Throttling 
characteristics  of  dual-flow 
turbojet  engines. 

Legendi  1  .  dual-flow  turbojet 
engine; 

2  -  turbojet  engine. 


Figure  20J|  Airspeed 

characteristics! 

1  -  dual-flow  turbojet 

2  -  turbojet  englnei  J 
prop  engine. 


engine) 

-  turbo- 


dual  ITo  TT  °f  thB  Sir5P‘ed  a"d  altltUda  characteristics  of 
a, -flow  turbo  at  engines  depend,  on  the  selected  control  schedule. 

principle,  the  control  schedules  of  dual-flow  engines  at 
maximum  thrust  are  the  same  a,  for  turbojet  engines,  foetal. 


'*')!!  s'f 


'  COfisJ 


find 


and 


T'„,  "~- 


“  corivf 
Fe  const. 
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in  addition  to  TJugJ  .  const  for  dual-flow  turbojet  engines  with 
thrust  augmentation. 

As  far  as  the  conditions 


ar«  conc.rn.tl,  th.ir  realization  und.r  varying  airspeed  and  altitude 
at  the  same  time  with  n  .  const  and  TJ  •  eonst(or  r#  •  const)  re¬ 
quires  such  s  great  engine  control  system  complication  that  it  is 
not  always  practically  possible  by  far. 

•It  can  be  considerably  simpler  to  aecomplisn  the  following 
control  scheduleai 

for  dual-flow  turbojet  engines  i 

const;  r;  =  const;  const; 

for  dual-flow  turbojet  engines  with  thrust  augmentation, 
n  .  consti  TJ  .  con*,  TJugJ  .  const,  k  .  const. 

But  even  these  schedules  require  variable  area  Jet  nozzles 
in  both  circuits  of  dual-flow  turbojet  engines. 

For  comparison,  figure  203  show,  the  airspeed  characteristics 
of  a  dual-flow  turbojet  engine  for  K  .  2,  T).,  .  0.75  (solid  curves), 
and  of  a  turbojet  engine  and  a  turboprop  engine  under  identical 
control  schedules,  that  la  und.r  n  .  const  and  TJ*  a  const.  The 
values  of  thrust  and  specific  fuel  consumption  of  the  turbojet 
engine  at  V  .  0  and  H  ■  O  are  assumed  to  bs  equal  to  one.  The 
following  are  equal  in  all  three  compared  engines l  air  flowrate, 
through  the  compressor  (in  the  cas.  of  th.  dual-flow  angine,  through 
the  primary  circuit)  under  test  stand  conditions,  temperature  in 
front  of  the  turbine,  TJ  -  ,200°K,  compression  ratio  and  efficiency 
of  th.  compressor,  t,  .  d#a  -  7  and  ^  -  0.85,  and  turbine  efficiency 
If  ■  0.9. 
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